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ABSTRACT 
 
The advancement in biosensor technology have allowed for detection and quantification of 
relevant biomarkers that are associated with a disease or a health condition, or of interest in the 
assessment of a patient’s well-being. The high-end biosensor technology such as Biacore Surface 
Plasmon Resonance (SPR) system has high functionality; that is, the ability to detect multiple 
analyte with high sensitivity and specificity with some preparation and handling. However, the 
accessibility of the technology is quite low due to several barriers such as cost (initial purchase 
and consumables), requirement of trained personnel for operation, and a specialized facility to 
house and maintain the equipment. In contrast, low-end biosensor technology such as a blood 
glucose sensor has low functionality with the ability to detect only one analyte at relatively high 
concentration with minimal sample preparation and handling. Low-end biosensor technology has 
the advantage of high accessibility due to its low cost, user-friendliness, and portable format. 
Given the recent development of biosensors based on extraordinary transmission of noble metal-
deposited nanohole arrays, there is an opportunity to develop biosensors that have high 
functionality with higher accessibility due to improvements in the ease of use, cost-effectiveness, 
and portability. 
 The work undertaken in this dissertation has been to demonstrate the potential of 
nanohole array sensor based biosensors for label-free detection and colorimetric sensing in 
biomedical applications. Chapter 1 is an overview of label-free biosensors with a focus on 
nanohole array-based biosensors. Chapter 2 describes the influence of the adhesion layer on the 
spectral property and thereby colorimetric sensing of nanohole array sensor through 
experimental and theoretical simulation in order to find the optimal conditions for an ideal 
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sensor. Chapter 3 describes the integration of the nanohole array sensor with microfluidics for 
real-time colorimetric visualization of droplet generation as well as continuous-time monitoring 
of model molecule binding. This chapter also includes the theoretical derivation of the observed 
colorimetric sensing which will be helpful in the development of portable detectors based on this 
sensor. Chapter 4 consists of the characterization of surface sensitivity of the nanohole array 
sensor, demonstration of sensing of surface patterning and an immunoassay based on highly-
relevant protein called Cytochrome P450 which is involved in drug metabolism. Chapter 5 
describes an exploratory study of a dual-function nanohole array sensor that is capable of sensing 
refractive index changes and surface enhancing Raman signals on a single chip. Lastly, Chapter 
6 describes a biodegradable sensor fabricated for surface-enhanced Raman spectroscopy.  
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CHAPTER 1: INTRODUCTION 
 
1.1 The need for next-generation biosensors 
Recent progress in the field of genomics and proteomics has advanced the understanding of the 
underlying mechanisms that regulate the functions of normal and diseased tissues.[1], [2] In 
particular, the ability to sequence human genomes and quantify the differential expression levels 
of messenger RNA (mRNA) aided in the elucidation of the importance of the expression, 
regulation, and mutation of genes and proteins, all of which play a role in the homeostasis of 
normal tissue. Combined with the decreasing cost trend (see Figure 1.1), the study of genomes 
(genomics) and of protein profile (proteomics) on normal and diseased states has produced a 
wide array of biomarkers (indicators of changed profile between normal and diseased states) that 
can be potentially used for diagnosis purpose in the early detection of diseases. The case for 
early detection has been made for various types of cancer, cardiac diseases, Acquired Immune 
Deficiency Syndrome (AIDS) due to the fact that early detection and early treatment have shown 
to significantly improve survivability.[3] The economic cost of cancer in 2008 globally has 
reached $895 billion, representing 1.5 percent of the world’s gross domestic product, from the 
loss of productivity due to morbidity and mortality of cancer.[4]  
 An overview of the current technologies for biosensing ranges from high-functionality 
systems such as DNA sequencer (Illumina) and Surface Plasmon Resonance-based sensor 
(Biacore) to low-functionality systems such as a blood glucometer and home pregnancy test. In 
the case of high-functionality systems, the detection of multiple analyte with high sensitivity and 
high specificity is possible albeit with complex detection scheme and data processing. 
Conversely, the blood glucometer is specific and sensitive only to one analyte, which is present 
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at relatively high concentration, with simple sample handling and numerical read-out. Along 
with differences in the level of functionality in biosensing, the accessibility to such technologies 
varies significantly due to the differences in cost, requirement for operation and maintenance, 
and portability. Specifically, systems such as the surface plasmon resonance-based sensor require 
operation by trained or specialized personnel usually in laboratory environment with additional 
facilities. On the other hand, the end users can operate a blood glucometer with relative ease at 
the comfort of their own house. Therefore, there is a great need for next generation of biosensors 
that can provide the sensitivity and the specificity of the current high-functionality technologies 
for biosensing, with improved accessibility through portability, cost-effectiveness, and the ease 
of use (see Figure 1.2).  
 The next generation biosensors require high-specificity and high-sensitivity to 
biomolecules of interest that may indicate the presence of a genetic defect, the presence of a 
disease, and the progress or a response to a medical treatment. Biomolecules of interest such as 
nucleotides which make up nuclei acid (DNA) and ribose nuclei acid (RNA), and amino acids, 
which make up polypeptides and proteins, are small size (<100 nanometers), small mass, 
optically transparent at physiological-relevant concentrations, amorphous in shape and functional 
only at physiological conditions (e.g. neutral pH, 37 °Celsius). The detection or visualization of 
such biomolecules requires a labeling molecule that acts a reporter for the presence of and 
proportional to the concentration of the biomolecules. Traditional reporter molecule is typically 
an organic fluorophore molecule that emits light within a narrow range of wavelength upon 
excitation by a higher energy light (a shorter wavelength light). Fluorescence process begins with 
the absorption of high-energy light (in the ultra-violet range of wavelength) by a fluorophore, 
which is subsequently elevated to an excited state. In the excited state, the fluorophore relaxes to 
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the lowest energy level of the excited state. For radiative transition, the fluorophore transits from 
the excited state to the ground state, and releases a photon with the energy (ΔE = hc/λ) 
equivalent to the difference in energy between the excited state and the ground state. The 
fluorescence excitation and emission spectra (and the relative Stoke’s shift) can be tuned 
according to the molecular structure of the fluorophore. Fluorophores can be chemically linked 
to a biomolecule of interest such as fluorescently labeling proteins by forming an amide bond 
with amine group on an exposed amino acid residue. Labeling different components or different 
regions of biomolecule is possible through the use of multiple fluorophores that have non-
interfering excitation and emission spectra. One figure of merit of the fluorophores is the 
quantum yield, which is the ratio of the number of photons emitted over the number of photons 
absorbed by the fluorophore. The quantum yield is also determined by the rate of constant of 
radiative transitions (inversely proportional to the fluorescence lifetime) divided by the rate of 
constants of all possible transitions (radiative and non-radiative). Non-radiative transitions that 
can be undertaken by a fluorophore include destructive chemical reaction (e.g. photobleach), 
quenching (e.g. collisional), internal conversion (e.g. heat), intersystem crossing to triplet state, 
and energy transfer to acceptor molecule. The radiative transition, that is the fluorescent 
emission, competes with all of the non-radiative transitions, and depending on the surrounding 
environment, the performance of the fluorophore decreases over time. Fluorophores are most 
susceptible to photobleaching, which is the irreversible transformation of the fluorophore to a 
non-functional structure. 
 To overcome the limitations of the organic fluorophores, another class of fluorescent 
particles called quantum dots have been introduced and utilized extensively as an alternative way 
of labeling biomolecules. Quantum dots are fabricated out of intrinsic compound semiconductor 
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materials, typically Cadmium sulfide, Cadmium telluride, Zinc sulfide, and Zinc selenide. The 
main advantages of quantum dots over organic fluorophores are higher photostability (less 
susceptible to photobleaching), tunable absorption and emission spectrum, and comparable 
quantum yield. Unlike the organic fluorophore, the quantum yield of quantum dots are 
unaffected by the viscosity, oxygen concentration, or the pH of the environment. For a given 
material, for example Cadmium-based quantum dots, the emission wavelength can be tuned to 
emit within the visible wavelength range, with the peak emission wavelength varying from 355 
nm – 710 nm, simply by tuning the diameter of the quantum dot particles (typically ranging from 
1 Å to 20 Å).[5] Typical reported values of quantum yield range from 0.1 – 0.8 in the range of 
visible wavelengths and 0.2 – 0.7 in the range of near infrared wavelengths. Despite the 
fluorescent advantages, quantum dots introduce a new set of limitations due to the choice of 
semiconductor material. Quantum dots require an outer coating via functionalized biomolecules 
to improve the solubility in aqueous solution and to reduce the degradation of the core material. 
Cadmium is a known toxic agent, reported to cause lung and prostate cancer due to chronic 
exposure. Cytotoxicity of cadmium-based quantum dots in in vitro cell culture has been observed 
in exposures from 2 hours – 48 hours.[6] The main cytotoxic mechanism is attributed to the 
inability of cadmium to form stable alkyl compounds.  
 For both organic fluorophores and quantum dots, functionalization and chemical linkage 
reactions are required to attach the fluorescent reporters to the biomolecules. The process can be 
laborious - Thus, the process of sample preparation is complicated by the addition of labels, 
which may also interfere with the biological process that is under study. That is, the addition of 
fluorescent labels may hinder the original functionality of the biomolecule, or if it is interact ing 
with other biomolecules, the kinetics or the mechanism of interaction may be alter by the 
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presence of fluorescent reporters. Moreover, due to the requirement of specific wavelengths of 
excitation, the instrumentation of fluorescence require high-power monochromatic light sources 
(e.g. Ti-Sapphire laser) or filtered broadband light sources (e.g. Xenon lamp) as excitation 
sources. On the emission side, a secondary set of filters is needed to reject the excitation 
wavelengths and to collect the Stoke’s shift emitted wavelengths. Depending the type and the 
number of fluorophores, fluorescent-based detection is limited by the separation of the excitation 
and emission spectra of the individual fluorophore; that is, there cannot be significant overlap of 
the excitation spectrum of one fluorophore and the emission spectrum of another fluorophore. 
Therefore, multiplex fluorescent reporters are typically limited to three to four different 
fluorophores. Lastly, depending on the number of fluorophores, active switching of filters and 
light sources limit the acquisition rate of fluorescent measurement, which may make fast kinetic 
reaction involving biomolecules impossible to observe. 
 
1.2 Label-free biosensors 
For the sake of simplicity, label-free methods of detection can offer the same sensitivity and 
specificity of detection without the need for fluorescent reporters and their associated challenges. 
Moreover, due to the lack of reporters, label-free methods of detection allow for the observation 
and the measurement of native biomolecule interactions, complete with the measurement of 
kinetics. One class of label-free method of detection is based on the optical property of 
biomolecules. In particular, optical based sensors operate based on the principle of the 
interaction of light, electromagnetic radiation typically in the range of visible to infrared 
wavelengths (300 nanometers to 1000 nanometers), with the biomolecules of interest.  
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 When an electric field is applied to a group of molecules, there is transient re-distribution 
of the positive and negative charges in each of the molecules according to the electric field, 
thereby momentarily polarizing the molecules due to the separation of charges. Subsequently, the 
separation of charges sets up a secondary electric field in the opposite direction of the electric 
field. In the case of light, a form of electromagnetic field, the opposing electric field generated 
inside the molecule impedes the propagation of light through the molecules. The susceptibility of 
a molecule to become polarized in an electric field is given by χe, the electric susceptibility of the 
molecule, which is related to εr, the dielectric permittivity as followed, εr = 1 + χe. The refractive 
index, n, of a material is given as n = √εr = c/vp, where c is the light of speed in vacuum and vp is 
the light of speed in a material. Relevant biomolecules have a higher refractive index (n ~= 1.45) 
than the surrounding medium, which is typically aqueous (n = 1.33). This difference in the 
refractive index, or the dielectric permittivity, is which permits the use of optical-based sensors 
to directly detect the presence and the interaction of biomolecules without the need of a reporter 
molecule. 
 While there are a variety of optical-based sensors (reviewed elsewhere), one class of 
sensors based on surface plasmon resonance has gained prominence because of the simplicity 
and the high-sensitivity to the difference of the refractive index of the biomolecules from that of 
the surrounding medium. Surface plasmon is a collective oscillation of surface-bound free 
electrons at the interface of a dielectric layer and a metal layer.[7] Surface plasmon polaritons 
(SPP) are generated when the free electrons oscillate in resonance (“couple”) with the incoming 
light wave in the form of photons. The generated SPP then propagates along the interface of the 
dielectric layer and the metal layer, while at the same time penetrating both layers in the form of 
an evanescent field with exponentially decaying intensity away from the interface (See Figure 
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1.3A). The effective refractive index of the interface, neff, experienced by the evanescent field is 
a combination of the real part of the refractive index of the dielectric layer and that of the metal 
layer (neff = Re[εMεD/(εM+εD)]). 
 
kSP = k0 *√εMεD/(εM+εD)  (1) 
 
The generation of SPP is not trivial due to a mismatch between the wave-vector of the SPP, kSP 
and the free-space wave-vector of the incident light, k0 = ω/c, both of which are frequency-
dependent. (Equation 1) Aside from a light source and an interface of a dielectric layer and a 
metal layer, additional instrumentation is required to provide the additional momentum in order 
to generate SPP at the interface. One possible way is to use a coupling prism, made out of glass 
(n ~=1.5), (in Kretschmann configuration or Otto configuration) to increase the wave-vector of 
the incident light. In Kretschmann configuration, most commonly used, a thin layer of metal is 
directly deposited on the surface of the coupling prism and the incident light is illuminated 
through the coupling prism at an angle (see Figure 1.3B). The incident light through the coupling 
prism impinges on the metal layer, which generates an evanescent field that is coupled to 
generate SPP. In waveguide coupling method, the incident light propagates, and mainly 
confined, in a waveguide layer adjacent to the dielectric-metal interface. The protruding 
evanescent field from the waveguide layer can be coupled into the dielectric-metal interface. 
Gratings, surfaces with periodic structures on the micro-nano-scale, on the surface of the metal 
can diffract or scatter the incident light. The diffracted or scattered light, with increased 
momentum, can be used to couple light to generate SPP’s. 
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 In the Kretschmann configuration, the resonance condition is achieved when the wave 
vector of the light going through the glass prism matches that of the wave vector of the SPP in 
the dielectric-metal surface. In free space, the wave vector of light is given as k = ω/c and when 
the light enters the glass prism with dielectric permittivity of ε0, the wave vector is given as k 
=√ε0 (ω/c). The coupling is achieved with the parallel component of the light in the glass prism 
matches with that of the wave vector of the SPP, kSPP = ω/c √εMεD/(εM+εD). Therefore, the 
resonance condition can be expressed as followed. 
 
𝜔
𝑘
= 𝑐√
𝜀𝑚 + 𝜀𝑑
𝜀𝑚𝜀𝑑
=  
𝑐
√𝜀0 ∗ sin(𝜃)
 (2) 
 
Note that, with a fixed wavelength of incident light, there exists a particular angle of illumination 
can generate or excite a SPP. This angle can be experimentally verified by changing the angle of 
incident light over a range of angles and then measuring the intensity of the reflected light as a 
function of incident angles. At the angle of SPP excitation, the intensity of the reflected light 
decreases sharply due to the coupling of light into the dielectric-metal layer. In this setup, the 
change of the signal (whether in the change in the incident angle with a fixed incident 
wavelength or the intensity of reflected light measured at a fixed incident angle) upon the 
binding event of biomolecule can be observed. As the biomolecules begin to attach to the surface 
of the sensor where the SPP evanescent field is propagating, the effective refractive index, neff, 
increases due to the higher refractive index of biomolecules compared to aqueous solution. From 
the above equation, it can be observed that with a higher effective refractive index; the angle of 
incident light in the resonance condition must increase accordingly.  
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 SPR-based biosensing has been demonstrated for a wide application of interaction 
including DNA-DNA hybridization, DNA-protein interaction (e.g. single strand-binding 
protein), protein-protein interaction (e.g antibody-antigen) with applications in drug screening 
and immunoassays. However, the SPR-based biosensing remains to be confined to the bench top 
with low accessibility due to the complexity in the system configuration, which requires a 
coupling prism, index matching solution, and point-based detection). Moreover, a tunable laser 
or a system with high-accuracy control over incident angle is required to detect the shift in the 
SPR in response to the binding reactions. 
 
1.3 Extraordinary transmission on nanohole array sensors 
Extraordinary transmission (EOT) was first reported by Ebbesen et al. in which the transmission 
efficiency of light through perforated sub-micrometer holes on a thin silver film exceeded the 
limit set by standard aperture theory.[8] Bethe et al. established that the transmission efficiency 
of light through an aperture scales as (
𝑟
𝜆
)
4
where 𝑟  is the radius of the aperture and 𝜆  is the 
wavelength of light.[9] According to Bethe’s calculation, the predicted transmission efficiency 
should be approximately 10−3 whereas the experimental transmission efficiency exceeded 2 in 
the case of the sub-micrometers holes on a thin silver film. Ebbesen et al. proposed the role of 
the surface plasmon in mediating the observed enhancement in transmission due to the enhanced 
transmission observed only on noble metal films and the angular dependence of the transmission 
peaks, which is indicative of surface plasmon coupling. Moreover, the involvement of surface 
plasmon in EOT was further reinforced by measuring the delay of light transmission through the 
metal-hole film (~7 femtoseconds), which fits well with the predicted value from a simple 
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Lorentz oscillator model.[10] Subsequent studies showed that the mechanisms that affect the 
features of the measured transmission spectrum through perforated metal films include both the 
resonant excitation of surface plasmons and Wood’s anomaly, which occurs a diffracted order is 
tangent to the plane of the grating.[11] One feature of the transmission spectrum, the wavelength 
of maximum transmission (𝜆𝑚), or peak wavelength, can be derived from the dispersion equation 
and it is given as 𝜆𝑚 =
𝑝
√𝑖2+𝑗2
√
𝜖𝑚𝜖𝑑
𝜖𝑚+𝜖𝑑
, where 𝑝 is the periodicity of the hole array, 𝑖 and 𝑗are the 
scattering orders, and 𝜖𝑚  and 𝜖𝑑  are the dielectric constants of the metal and the dielectric 
material, respectively.[7] While the theoretical studies of EOT continues to debate the exact 
underlying mechanisms, numerous studies have elucidated the physical parameters of the hole 
array that influence the optical properties (e.g. wavelength of maximum transmission, 
transmission efficiency) such as the choice of metal, periodicity of the array, diameter of the 
array. There are several excellent review articles on the topic of nanohole array, focusing on 
fabrication, characterization, and application.[7], [12]–[14] Figure 1.4 shows a typical nanohole 
array sensor with a planar configuration of a square array of blind holes that have a diameter that 
is on the order of the wavelength in the visible range. 
 
1.4 Physical parameters of nanohole array sensor relevant to the device performance 
Identical hole array fabricated on noble metals (Ag, Au, and Cu) and transition metals (Co, Ni, 
and W) allowed for the investigation of the influence of the dielectric constants of metals on the 
extraordinary transmission.[15] For a given periodicity, diameter of hole, and thickness of metal, 
the nanohole array fabricated using noble metals had higher transmission efficiency compared to 
that of transition metals. This is attributed to the higher absolute value of the real part of the 
dielectric constant of noble metals and the lower value of the imaginary part of the dielectric 
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constant, which is related to the absorption of light in the metal. Theoretical calculations and 
extensive finite-difference time-domain (FDTD) simulation confirmed the influence of the 
choice of metal for nanohole array, favoring the noble metals over transition metals.[13] In 
addition to films consisted of pure noble metals, bimetallic films (for example Au on Ag) have 
been deposited on nanohole array and have higher sensitivity to changes in refractive index and 
improved full-width half-maximum ratio.[16]  
 The physical dimensions of the nanohole arrays (e.g. periodicity, depth, and diameter) 
have significant influence on the optical properties (e.g. the position of peak wavelength, full-
width half-maximum, sensitivity) of the extraordinary transmission, for a given noble metal (e.g. 
gold and silver). A large number of experimental studies have elucidated the relationship 
between the periodicity of the nanohole array, defined as the center-to-center distance between 
neighboring nanoholes, 𝑝, and the sensitivity, defined as change in the peak wavelength for a 
given change in refractive index ( 𝑆 =
∆𝜆
∆𝑛
). The major consensus regarding the relationship 
between the periodicity of the nanohole array and the bulk sensitivity is a positive correlation, 
that is, with increasing periodicity, the sensitivity increases accordingly. For example, Nakamoto 
et al. reported a linear relationship between the periodicity of gold-coated nanohole array and the 
sensitivity (
𝑆
𝑝
~ 1) for p = 400, 500, and 600 nm with fixed values of dielectric constant of gold 
and the refractive index of surrounding medium.[17] Figure of merit, another metric for the 
performance of a sensor, is defined as the ratio of the sensitivity and the full-width half-
maximum(𝐹𝑂𝑀 =  
𝑆
𝐹𝑊𝐻𝑀
). In the design of nanohole array sensors, high sensitivity and figure 
of merit are desirable in order to obtain a low limit-of-detection and high resolution, both of 
which are important in sensing applications to detect low amount of concentration and to discern 
small changes in concentration. Therefore, in order to obtain high sensitivity and high figure of 
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merit to achieve high performance in sensing, the majority of the reported nanohole array-based 
sensors have large periodicities (p > 500 nm) (see Figure 1.5).  
 In addition to the advantage of having high sensitivity, nanohole arrays with large 
periodicities are relatively easier to produce, depending the method of fabrication. For example, 
nanohole arrays (or the replicating mold from which the nanohole arrays are produced) can be 
fabricated using nanospheres lithography, interference lithography, and focused ion beam 
lithography.[18] However, some of these methods are  a serial process, that is it produces one 
hole at a time; therefore, it is time consuming and resource intensive and cannot be used to 
produce large-area nanohole array in a scalable, cost-efficient manner. Therefore, replication 
(nanoreplication or template-stripping) is favored due to the ability to re-use the mold and easier 
process of fabrication. The disadvantages in sensitivity and in the production of nanohole array 
with smaller periodicity (p < 500 nm) are evident; however, one of the consequences of 
increasing periodicity is the gradual shift of the peak wavelength(s) to longer wavelength, away 
from the visible wavelength range. This presents several issues in the implementation of the 
nanohole array as a sensor. First, the light source must contain longer wavelength light for high 
signal-to-noise ratio, and the detector must be sensitive to the longer wavelength light. In 
contrast, with a decrease of the periodicity, the peak wavelength of the nanohole array shifts to 
shorter wavelength and into the visible wavelength range. In the visible wavelength range, with 
sufficient peak wavelength shift, colorimetric sensing can be realized due to the addition, 
subtraction or combination of various visible wavelengths, which correspond to various “colors”. 
Previously reported visible or colorimetric sensing based on nanohole arrays[19], [20] utilized 
only selective portions of the transmitted or reflected spectrum of light, employing a notch filter 
to obtain binary states (light or dark) or interrogating using monochromatic light sources.   
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1.5 Overview of thesis 
The thesis aims to elucidate the observation of colorimetric sensing and spectral sensing in 
nanohole array sensor and to demonstrate the potential of the sensor for biomedical applications. 
In particular, the influence of the physical materials of the sensor on the colorimetric and spectral 
sensing is explored and discussed in Chapter 2 and in Chapter 3, the sensor was integrated with 
microfluidics for fluid manipulation and transport visualized colorimetrically. Also, in Chapter 3, 
the spectral changes of the sensor in response to the changes of refractive index of the superstrate 
are shown to be quantitatively related to the colorimetric changes observed simultaneously. In 
Chapter 4, several surface-based characterization and sensing experiments of the nanohole array 
were described, demonstrating the potential of the sensor for immunoassay-based detection. In 
Chapter 5, the nanohole array sensor was utilized a dual-function sensor, refractive index sensing 
and surface-enhanced Raman spectroscopy platform, in an exploratory experiment. Finally, in 
Chapter 6, another type of surface-enhanced Raman spectroscopy platform was described, 
fabricated from a biodegradable plant-based polymer. 
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1.6 Figures  
 
Figure 1.1 The trend of cost of sequencing a genome within the recent decade starting from the 
year 2001. Adapted from [21]. 
 
Figure 1.2 The need for biosensors with high functionality and high accessibility that can 
accommodate the needs of patients and medical personnel. 
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Figure 1.3 (A) A schematic of the generation of surface plasmon polariton at the interface 
between a dielectric and a metal layer. (B) Different configurations for the generation of surface 
plasmon polariton (SPP). Adapted from [22]. 
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Figure 1.4 Scanning electron microscope image of a nanohole array sensor. (Top) Top view of 
the nanohole array sensor with a periodicity of 350 nanometers and a hole diameter of 200 
nanometers. (Bottom) A cross-section view of the nanohole array sensor indicates the blind hole 
of the array. Adapted from [23].  
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Figure 1.5 Periodicity of nanohole array sensor versus the reported spectral sensitivity to the 
change of refractive index. Please see the table C.1 in appendix C for the values in this plot and 
the corresponding journal articles from which the values are obtained. The plotted dashed line 
has a slope of unity. 
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CHAPTER 2: INFLUENCE OF ADHESION LAYER ON THE EXTRAORDINARY 
TRANSMISSION AND COLORIMETRIC SENSING OF NANOHOLE ARRAY 
 
2.1 Introduction 
The role of adhesion layer in thin-film noble metal deposition on various substrates has been of a 
singular purpose, which is to promote adhesion between the substrate and the thin film of noble 
metal. However, the choice and the thickness of the adhesion layer can have an influence on the 
surface plasmon resonance, in particular the sensitivity and the figure-of-merit for label-free 
sensing applications. We observed that with increasing thickness of adhesion layer of titanium on 
gold nanohole array, there was a corresponding blue shift of peak transmission wavelength and 
higher figure-of-merit. Moreover, the nanohole array sensor has peak wavelength shifts in the 
visible range and the presence of adhesion layer allowed for distinct colorimetric changes in 
response to changes in environment refractive index. 
 
2.2 Materials and methods 
2.2.1 Fabrication of nanohole array mold 
10 microliters of UV-curable polymer solution (Norland, Cranbury, NJ) was dispensed on a 
nanopillar mold, fabricated by interference lithography and reactive-ion etching. Note that the 
nanopillar mold was treated with dimethyldicholorsiloxane (GE Healthcare Bio-Sciences, 
Pittsburgh, PA) for 30 minutes to minimize adhesion to the mold. A UV-transparent 
polyethylene terephthalate (PET) sheet (Tekra Corp., New Berlin, WI) was placed over the UV-
curable polymer droplet for mechanical support and the droplet was allowed to spread evenly 
after the sheet was placed. Once the droplet spreading has ceased, the assembly of PET sheet, 
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UV-curable polymer, and nanopillar mold was exposed to UV light with 320-390 nm at 105 mW 
cm-2 (Dynmax, Torrington, CT) for 60 seconds to cure the UV-curable polymer. Once the UV-
curable polymer was cured, the PET film with a thin layer of UV-curable polymer was gently 
separated from the nanopillar mold. Other UV-curable polymers include Zipcone (Gelest, 
Morrisville, PA) and PC409 (SSCP Co., LTd.).  
  
2.2.2 Deposition of titanium and gold on nanohole array 
Titanium (Ti) and Gold (Au) are deposited at the rate of 0.3 Å/s and 0.5 Å/s respectively, by 
Temescal six pocket electron beam evaporation system. The slow rate is chosen to deposit 
smooth film of Ti and Au.  The thickness of the deposited layer is determined by Gaertner 
ellipsometer. 
 
2.2.3 Finite difference time-domain simulation of the nanohole array sensor 
Finite difference time-domain (FDTD) analysis was performed using a commercial FDTD 
software (Lumerical Solutions, Vancouver, Canada). The illumination source is a unity 
magnitude plane wave, polarized in x-direction, propagating in the z-direction at normal incident 
angle to the sample. Mesh size is 2.5 nanometers in x, y, z-directions. The boundary conditions 
are perfectly matched layers (PMLs) in the z-directions and periodic in the x and y directions. 
The optical constants of Au and Ti were from Johnson and Christy, respectively. The refractive 
index of the UV-curable polymer is set as 1.56. The physical dimensions of the nanohole array 
are 100-nanometer hole diameter, 350-nanometer periodicity, 100-nanometer thickness of Au, 1-
micrometer thickness of UV-curable polymer. The thickness of Ti layer is varied from 0 
nanometer to 20 nanometers.  
 20 
 
2.2.4 Spectral acquisition of transmitted and reflected light from nanohole array sensor 
A custom multi-spectral imaging set up, which consists of a monochromator and a halogen light 
source, allows for normal incident illumination of sample with discrete wavelength increments 
(e.g. 1 nanometer resolution). The transmitted or reflected light is imaged using a 5X or 10X 
objective lens and a monochromatic CCD camera. The measured spectral images are converted 
to a spectrum by taking the mean intensity over each image and normalizing by the intensity of 
the light source using a custom MATLAB script. For transmission, the intensity of the light 
source was measured with no sample in the light path. For reflection, the intensity of the light 
source was measured with a mirror instead of the sample. To determine the peak wavelength and 
full-width half-maximum, a custom MATLAB script was used to fit the spectrum using a 
polynomial function. The peak wavelength corresponded to the wavelength at which there was a 
maximum in intensity and the full-width half-maximum corresponded to the difference in 
wavelengths that had intensity equal to half of the maximum intensity. 
 
2.2.5 Colorimetric acquisition of transmission and reflection images from nanohole array sensor 
An upright brightfield microscope equipped color CCD camera was used to acquire the color 
images in transmission and reflection modes. The samples were illuminated at normal incidence 
with a broadband light source and the transmitted or reflected images were imaged using a 5X or 
10X objective lens. The images were saved in .TIF image with an 8-bit resolution for each color 
channel for a total of 24-bit for red, green, and blue channels. Image analysis of the colorimetric 
images were performed using a custom MATLAB script, which calculated the mean intensity of 
the image for each of the color channels. 
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2.3 Results and discussion 
2.3.1 Finite difference time-domain simulation of nanohole array sensor 
Figure 2.1 is a schematic illustration of the nanohole model that was used to simulate the 
nanohole array sensor with three distinct material layers (Gold, Titanium, and UV-curable 
polymer) and a cylindrical cut-out representing the nanohole. Briefly, the individual nanohole 
was modeled as a cylindrical opening with a diameter of 100 nanometers and a height of 110 
nanometers and the adjacent nanoholes had a periodicity of 350 nanometers. The thickness of the 
gold layer (tAu) was 100 nanometers and the thickness of the UV-curable polymer (tUVcP) was 
0.95 micrometer. In the simulation set up, all of the parameters was fixed except for the 
thickness of the Titanium layer (tTi), which was varied from 0 nanometer to 20 nanometers. 
 Note that, the simulated spectra are shown in Figures 2.2 (A-E) for transmission mode 
and in Figures 2.4 (A-E) for reflection mode. In case of no Ti (tTi = 0 nm), the transmission 
spectrum of the nanohole array sensor in air contained two prominent peak wavelengths (first 
peak at nm and second peak at nm). The cross-section view of the sensor at each of those 
prominent peak wavelengths showed the relevant interfaces at which there is a highly-localized 
electric field. For the peak wavelength at 650 nm, the cross-sectional view indicated a high 
electric field at the interface between the Au film and the UVcP film.    
 As the superstrate of the sensor was changed to higher refractive index (n = 1.33) 
corresponding to that of water, the transmission spectrum of the nanohole array sensor contained 
three prominent peaks (first peak at 520  nm, second peak at 600 nm, and third peak 675 nm). 
Again, the cross-sectional view of the sensor at the second peak wavelength and the third peak 
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wavelength showed highly-localized electric field at the interface between Au and water and the 
interface between Au and UVcP respectively.  
 When the thickness of the Titanium layer was increased to 5 nanometers, the 
transmission spectrum of the sensor in air had only peak wavelength present at 530 nm, which 
again corresponding to highly-concentrated electric field at the interface between Au and air. 
However, when the refractive index of the superstrate was increased to n=1.33, the two peak 
wavelengths at 600 nm and 650 nm were observable again, albeit with lower intensity. A further 
increase of refractive index of superstrate to n=1.377, the peak wavelength at 600 nm red-shifted; 
however, the peak wavelength around ~650 nm. When the thickness of the Titanium layer was 
further increased to 9, 15, and 20 nanometers, the peak wavelength at around 650 nm was no 
longer observable. The only prominent peak wavelengths were located around ~530 nm and 
~600 nm, the latter of which is sensitive to the change in the refractive index of the superstrate. 
Expectedly, as the thickness of Ti layer increased, the overall maximum transmission intensity 
through the sensor decreased proportionally, from approximately six percent to one percent. The 
relative difference between the intensity of the peak wavelengths at 530 nm and 600 nm changed 
as the Ti thickness increased from 5 nm to 20 nm. The intensity of the peak wavelength at 600 
nm increased relative to that of at 530 nm, true for both of the higher refractive index 
superstrates. Finally, the full-width half-maximum (FWHM) of the 530 nm peak wavelength 
decreased as well with the increase of thickness of the Ti layer. 
 In the simulated reflection mode, the absence of an adhesion layer resulted in a dip 
wavelength around 650 nm, present in all three superstrates. When an adhesion layer was added, 
the dip wavelength around 650 nm was no longer observable. As the adhesion layer was 
increased, the dip wavelength consistently blue-shifted for the two superstrates with high 
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refractive index (n=1.33 and n=1.377). Moreover, there was a slight decrease in the intensity of 
the dip wavelength as the thickness of the Ti layer increased. 
 The results from the FDTD simulation showed the interface between the adhesion layer 
and the noble metal layer contributed to the spectral characteristics of the nanohole array sensor 
in both transmission and reflection modes. For this particular gold-deposited nanohole sensor, 
the lack of additional peak wavelengths in the visible wavelength range can be contributed partly 
to the presence of adhesion layer. In transmission and reflection modes, the presence of the 
adhesion layer (5 nm thickness) eliminated the contribution of the peak wavelength from the 
interface between the Au and the underlying UV-curable polymer. Moreover, as the thickness of 
the Ti layer increased, the relative intensity of the peak wavelength that responds to the changes 
in the refractive index of the superstrate increased as well. For the purpose of spectral and 
colorimetric sensing, the FDTD simulation indicated that having a thicker Ti layer resulted in 
shaper resonance (higher intensity and lower FWHM) in the interface that’s sensitive to the 
changes in refractive index near the surface.  
 
2.3.2 Effect of the thickness of Titanium layer on the spectral properties of nanohole array sensor 
Figures 2.2 (F-I) show the experimental spectra for the transmission mode and Figures 2.4 (F-I) 
show the experimental spectra for the reflection mode. The relevant characteristics (peak 
wavelength, FWHM, maximum intensity) of the experimentally measured transmission and 
reflection spectrum of the nanohole array are tabulated and summarized in Tables 2.1 and 2.2. 
For the case of no adhesion layer, the experimental transmission spectrum of the sensor in air 
(n=1.0) contained only a single peak wavelength at 533 nm with a full-width half-maximum of 
114 nm. With the sensor was exposed to higher RI superstrates (n=1.33 and n=1.377), multiple 
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peak wavelengths were observable, all with similar intensities around four percent of the total 
transmission. The two peak wavelengths at around 600 nm and 650 nm corresponded to the 
interface between the metal-superstrate and the metal-substrate, respectively. The association of 
the peak wavelength of 650 nm with the metal-substrate was confirmed using the known 
refractive index of UV-curable polymer (n=1.56). Given a sensitivity of 300 nm/RIU, the 
predicted peak wavelength for UV-curable polymer is at approximately 655 nm. Remarkably 
consistent with the simulation results, the peak wavelength at 600 nm red shifted and the peak 
intensity decreased when the refractive index of the superstrate increased. Likewise, the peak 
wavelength at 650 nm red shifted and the peak intensity increased with the increase of the 
refractive index of the superstrate. It is of note that without any adhesion layer, the nanohole 
array sensor transmitted broadly over the visible wavelength range due to a lack of prominent 
peak wavelengths. In reflection mode, again only single dip wavelength was observed in the 
higher refractive index superstrates, unlike in the simulation where there were two dip 
wavelengths. However, the observed dip wavelength had a much higher FWHM (60-70 nm) 
covering the entire wavelength range in which the two dip wavelengths were observed in the 
simulation. It is possible that in experimental case, the two dip wavelengths were not resolved 
enough thereby resulting in a single broad dip wavelength. The single broad dip wavelength was 
responsive to the change in the refractive index of the superstrate, changing from n=1.33 to 
n=1.377.       
 In the presence of the adhesion layer, the peak wavelength associated with the metal-
substrate interface was no longer observable. In air, the transmission spectra contained only a 
single peak wavelength typically around 530 nm, although it slightly blue-shifted for the case of 
20 nm of Ti layer to 525 nm. In water (n=1.33) and isopropanol (n=1.377), the transmission 
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spectra contained two prominent peak wavelengths, the first one around 530-540 nm and the 
second one around 600 nm. Again, the second peak wavelength is associated with the metal-
superstrate interface because it is responsive to the changes in the refractive index of the 
superstrate and it showed highly-localized electric field in the cross-sectional view of the FDTD 
simulation. As the thickness of Ti layer increased, the overall transmission intensity of the 
spectra increased as expected but the relative intensity of the second peak wavelength to the first 
peak wavelength increased. Moreover, a decrease in the FWHM was observed with the increase 
in the thickness of Ti. In reflection mode, the addition of adhesion layer resulted in blue-shifting 
of the dip wavelength that’s sensitive to the superstrate. For example, when the superstrate was 
water, the dip wavelength for Ti thickness of 5 nm was 610 nm and for Ti thickness of 20 nm, 
the dip wavelength was 591 nm. That is consistent with the blue shifting of dip wavelength in 
response to thicker adhesion layer from the FDTD simulation. In addition, the FWHM of the dip 
wavelength decreased as well from 62 nm for 5 nm Ti thickness to 43 nm for 20 nm Ti thickness 
when the superstrate was water. Parallel to the transmission mode, the overall intensity of the dip 
wavelength increased with the increasing thickness of the Ti layer. Lastly, as shown in table 2.3, 
a comparison of the experimental and the simulated sensitivity of the nanohole array sensor with 
different thickness of Titanium layer shows consistent values, although with no significant 
correlation between the thickness of the Ti layer and the sensitivity.  
 One interesting thing to note is that for reflection measurement of the nanohole array 
sensor, the spectral sensitivity of the superstrate is detectable only by illuminating and collecting 
light from the superstrate. As in shown Figure 2.5A-C, when the nanohole array sensor is 
illuminated and the reflected light is collected on the superstrate side, the spectral difference 
from the difference in the refractive index of the superstrates (air (n=1), water (n=1.33), 
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isopropanol (n=1.377)) can be observed as a dip wavelength shift. However, when illuminated 
and collected from the substrate side (Ti deposited) as in shown in Figure 2.5C-F, there was no 
observable spectral difference even when the superstrate was changed from air, water, to 
isopropanol. 
 
2.3.3 Effect of the thickness of Titanium layer on the colorimetric properties of nanohole array 
sensor 
Given the differences in the visible wavelength range due to the thickness of Ti layer, the 
spectral characteristics of the sensor directly determines the colorimetric sensing or response. 
The colorimetric sensing is the quantification of the changes in the intensity of the individual 
color channels of an image taken using a color CCD camera. Brightfield optical microscope 
images (transmission and reflection) of the nanohole array sensor with different thickness of Ti 
layer is shown in Figure 2.6. Given the transmission spectrum of nanohole array sensor has a 
prominent peak wavelength around 600 nm that red shifts in response to an increase in the 
refractive index of the superstrate, the colorimetric sensing would show a corresponding increase 
in the intensity of the red channel. For a given light source spectrum, the performance of 
colorimetric sensing (i.e. sensitivity and the range) would depend on the intensity, FWHM, and 
position of the peak wavelength in transmission mode. To maximize the range of the 
colorimetric sensing, the peak wavelength should start as low of wavelength as possible in the 
visible wavelength range. For maximizing the sensitivity of colorimetric sensing, aside from 
increasing the overall sensitivity, the peak wavelength should have as low of FWHM value as 
possible in order to have a more distinguishable color. In the case of no adhesion layer, the 
broadness of the transmission spectrum allows for the majority of the light source spectrum to be 
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transmitted. Given the lack of distinct filtering effect, the colorimetric sensing in the case of no 
adhesion layer is limited. 
 When an adhesion layer is present (starting from 5 nm thickness), the “filter” effect is 
much more distinct, allowing for colorimetric sensing. Given the red shift effect in the 
transmission mode with increasing refractive index of the superstrate, the color of the transmitted 
light appears redder and redder as the shorter wavelengths are suppressed and the longer 
wavelengths are transmitted through the sensor. The quantification of the colorimetric effect can 
be achieved by analyzing the individual color channels (red, green, and blue) of the transmitted 
images.  
 
2.3.4 Transmission versus reflection for colorimetric or monochromatic sensing 
It is worth comparing the potential of transmission mode versus reflection mode for colorimetric 
(polychromatic) or monochromatic sensing. As demonstrated above, both modes are sensitive to 
the changes in the refractive index of superstrate with very similar sensitivities (~ 300 nm RIU-1). 
Both modes have their resonant wavelength (peak or dip) in the visible wavelength range (~600 
nm in solution). As the thickness of Ti increased, the resonant wavelength in both modes showed 
a shift to shorter wavelength and a decrease value of FWHM. However, the reflection spectra on 
average have much higher intensity overall (intensity of dip wavelength around eight percent for 
sensor with 5 nm of Ti) with the maximum intensity approaching one hundred percent in the 
longer wavelength range. In contrast, the maximum intensity of the transmission spectra for a 
sensor with 5 nm of Ti layer is five percent. For colorimetric or polychromatic sensing, an 
increase in the refractive index of the superstrate results in a redder appearance in the 
transmission mode and a greener appearance in the reflection mode. For monochromatic sensing 
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with a 633 nm light source, with an increase in the refractive index of the superstrate, there 
would be an increase in the intensity of that light transmitted and a decrease in the intensity of 
that light reflect. 
 The sensitivity of the colorimetric (polychromatic) sensing is dependent on multiple 
factors such as the spectrum of the light source, the transmission efficiency of the RGB filters, 
and the quantum efficiency of the charge-coupled device camera. Since the intensity value of the 
RGB is proportional to the transmission efficiency of the RGB filters, the sensitivity is also 
affected by the bandwidth of the filters. Therefore, for colorimetric sensing, the imaging mode 
that relies on the color filter with the smaller bandwidth may have a higher sensitivity. Given the 
estimated transmission efficiency of the individual RGB filters, the red filter has a broader 
bandwidth than that of the green filter (See Appendix A.5). Being that the reflection mode 
predominantly has a green color and the transmission mode a red color, the colorimetric sensing 
in reflection mode may have a better sensitivity than that of the transmission mode. It is worth 
noting that the design of the RGB filters is to maximize the transmission efficiency as well as to 
capture the image in order to re-produce to the most accurate mapping of the original colors. 
 In the case of monochromatic sensing, which is the measurement of the intensity of the 
transmitted or reflected light at a single wavelength, the controlling factors are the intensity of 
the light source, the quantum efficiency of the charge-coupled device camera, and the spectral 
response of the sensor to changes in refractive index. In this case, for a given spectral sensitivity 
(i.e. nm RIU-1), the sensitivity of monochromatic sensing is predominantly influenced by the 
slope of the transmitted or the reflected light intensity at and near the resonant wavelength (See 
Figure 2.7). As seen in the figure, as the entire reflectance spectrum red-shifts with the increase 
of refractive index, at a fixed wavelength (for example at 633 nm marked with a dashed line), the 
 29 
intensity of the reflected light decreases proportionally. The proportionality of the intensity 
change versus the refractive index change is shown in Figure 2.7B and the sensitivity, obtained 
from the fitted line, is given as -347 % per RIU, the percentage is with respect to a reflection 
standard of a mirror. Likewise, the corresponding reflectance images taken at 633 nm, shown in 
Figure 2.7C, show a decreasing intensity change with increasing refractive index. The grayscale 
values of the reflectance images versus the change of the refractive index is plotted in Figure 
2.7D also show a negative slope with a value of 550 per RIU. If the slope of the light spectrum is 
high, then the change in the intensity of the transmitted or reflected light will also be high for a 
given change in the refractive index. In this case, the overall high intensity of the reflected light 
has an advantage over the lower intensity of the transmitted light for this sensor. In particular, 
near the resonant wavelength of 600 nm, the reflection spectrum has a sharp increase in intensity 
from approximately ten percent to eighty percent going from 600 nm to 700 nm. In comparison, 
the transmission spectrum near the resonant wavelength has a smaller change in magnitude of 
intensity going from three percent to one percent from 600 nm to 700 nm. With the red shift of 
the resonant wavelength, the intensity of light at a wavelength in this range will decrease 
proportional to the slope of the intensity change. Therefore, the monochromatic sensing using 
reflection mode has a higher sensitivity than that of the transmission mode.  
 
2.3.5 Transmission spectra of silver-deposited nanohole array sensors with different UV-curable 
polymers 
Three different UV-curable polymers, given by their product name, (Norland61, Zipcone Gelest, 
and PC409) were chosen because they have different refractive indices (n=1.56, 1.464, and 1.39, 
respectively). Nanohole array sensors were fabricated using the same nanoreplication method 
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and were deposited with 90 nm Ag and 9 nm Ti in the deposition batch. The measured 
transmission spectrum is shown in figure 2.8 with wavelength range from 300 nm to 1100 nm. 
All three transmission spectra have similar spectral features with slight differences in the overall 
intensity of transmission. All three spectra have three prominent transmission peaks around 325 
nm, 380 nm, and 450-460 nm (see Table 2.4). The first transmission peak around 325 nm, which 
has the highest intensity, corresponds to the bulk plasmon peak of silver.[24] There was minimal 
variation of this peak wavelength between the three sensors as expected. However, the second 
and third peak wavelengths showed larger differences, notably for the transmission spectrum of 
UV-curable polymer Zipcone Gelest that was more red-shifted compared to the other polymers. 
Despite the differences, all three samples showed similar prominent peak wavelengths despite 
the differences in the refractive index of the substrate, that is the layer of material underneath the 
metal layers. The second and third peak wavelengths have been previously assigned to Wood’s 
anomaly (1,0) of the superstrate interface and Mie scattering, respectively.[23] Since the second 
peak is due to the superstrate, the change of the substrate should be not affect the peak 
wavelength position. However, the assigned Mie scattering for the third peak should be affected 
the change in the refractive index of the substrate. With the decrease in the refractive index of the 
substrate, the expected result is a corresponding blue shift of the peak wavelength, which was not 
observed in this set of measurements. A further detailed study of the influence of the substrate 
(which may be taken to be just the UV-curable polymer layer or the UV-curable polymer layer 
plus the adhesion layer) is required to better elucidate the origins of the measured transmission 
peaks in particular in the visible wavelength range. Since these samples were deposited with 
silver, as opposed to the gold-deposited samples of the above sections, the influence of the 
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adhesion layer may have a different effect and a parallel study in the future with silver-deposited 
samples is required to definitively establish the influence of the substrate layer. 
 
2.4 Conclusion 
We have presented the influence of adhesion layer on the spectral and colorimetric sensing of 
nanohole array sensor in transmission and reflection mode. We used finite-difference time-
domain simulation to investigate the localization of electric field at different interfaces of the 
nanohole array sensor and confirmed the findings with spectral measurements of nanohole array 
sensors with different thicknesses of adhesion layer. Moreover, we compared the colorimetric 
sensing of air, water, isopropanol on nanohole array sensors with different thicknesses of 
adhesion layer and showed the colorimetric differences. Overall, we demonstrated the 
importance of the adhesion layer in the performance of the nanohole array sensor and presented 
an optimal thickness of sensing in transmission and reflection modes. 
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2.5 Figures and tables 
 
 
Figure 2.1. Schematic of the nanohole array sensor with UV-curable polymer (UVcP), titanium 
(Ti), and gold (Au) layers. The thickness, t, of each of the layers are indicated by the subscript of 
the name of the layer. The periodicity, p, of the nanohole array is 350 nm and the diameter, d, is 
100 nm.  
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Figure 2.2 Comparison of simulation and experimental results of transmission spectrum on Au nanoLCA. (A-E) Transmission spectra 
of Au nanoLCA from FDTD simulation for 0 nm, 5 nm, 9 nm, 15 nm and 20 nm. (F-I) Transmission spectra of Au nanoLCA from 
experimental measurement for 0 nm, 5 nm, 9 nm, 15 nm and 20 nm.
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Table 2.1 Relevant spectral characteristics of the experimental transmission spectra. Peak WV denotes peak wavelength in 
nanometers. FWHM denotes full-width half maximum in nanometers. Max Intensity denotes maximum intensity of the peak 
wavelength in percentage of transmission intensity. Air, water and isopropanol (IPA) have refractive index of 1.0, 1.33, and 1.377 
respectively. The sensitivity calculated as the change in the peak wavelength divided by the change in refractive index was measured 
from the response of the sensor in water and IPA.   
 
Table 2.2 Relevant spectral characteristics of the experimental reflection spectra. Peak WV denotes peak wavelength in nanometers. 
FWHM denotes full-width half maximum in nanometers. Max Intensity denotes maximum intensity of the peak wavelength in 
percentage of transmission intensity. Air, water and isopropanol (IPA) have refractive index of 1.0, 1.33, and 1.377 respectively. The 
Ti (nm) Sensitivity (nm/RIU)
Peak WV FWHM Max Intensity Peak WV FWHM Max Intensity Peak WV FWHM Max Intensity
0.0 533.0 114.0 6.4 594.0 n/a 3.9 600.0 n/a 3.4 127.7
5.0 532.0 110.0 6.7 601.0 82.0 5.1 613.0 104.0 6.3 255.3
9.0 530.0 110.0 4.0 598.0 88.0 4.3 608.0 101.0 4.5 212.8
15.0 530.0 107.0 2.4 604.0 90.0 3.1 621.0 116.0 3.2 361.7
20.0 524.0 101.0 1.4 598.0 87.0 2.4 610.0 97.0 2.4 255.3
Air Water IPA
Ti (nm) Sensitivity (nm/RIU)
Peak WV FWHM Min Intensity Peak WV FWHM Min Intensity
0.0 629.0 67.0 8.0 646.0 74.0 11.7 361.7
5.0 610.0 62.0 8.3 627.0 75.0 8.0 361.7
9.0 601.0 55.0 10.1 615.0 63.0 9.7 297.9
15.0 601.0 49.0 11.4 616.0 57.0 10.6 319.1
20.0 591.0 43.0 11.7 605.0 47.0 13.3 297.9
Water IPA
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sensitivity calculated as the change in the peak wavelength divided by the change in refractive index was measured from the response 
of the sensor in water and IPA. 
 
Table 2.3 A comparison of the experimental and the simulated sensitivity of the nanohole array sensor with different thickness of 
Titanium layer. The sensitivity calculated as the change in the peak wavelength divided by the change in refractive index was 
measured from the response of the sensor in water and isopropanol. 
 
   
 
 
 
  
Ti (nm) Experimental Simulation Experimental Simulation
0.0 127.7 169.8 361.7 212.2
5.0 255.3 297.1 361.7 297.1
9.0 212.8 297.1 297.9 254.9
15.0 361.7 254.7 319.1 297.1
20.0 255.3 254.7 297.9 297.1
Transmission Reflection
Sensitivity (nm / RIU)
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Figure 2.3 Simulated transmission spectra of Au only nanohole array sensor (top row) and Au-Ti nanohole array sensor (90 nm Au 
and 9 nm Ti) (bottom row), exposed to water (n=1.33) as the superstrate, and corresponding cross-section of the electric field at 
selected wavelengths.  (A) Transmission spectrum of Au only nanohole array sensor with two peak wavelengths at 590 nm and 654 
nm. (B) The cross-section view of the electric field at 590 nm shows a higher concentration at the interface between the metal layer 
and the superstrate (n=1.33) compared to that of at the interface between the metal layer and the substrate (n=1.56). (C) The cross-
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section view of the electric field at 654 nm shows a high concentration at the interface between the metal layer and the substrate.  (D)   
Transmission spectrum of Au-Ti nanohole array sensor with one peak wavelength at 594 nm. (E) The cross-section view of the 
electric field at 594 nm shows a higher concentration at the interface between the metal layer and the superstrate (n=1.33).
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Figure 2.4 Comparison of simulation and experimental results of reflection spectrum on Au nanoLCA. (A-E) Reflection spectra of Au 
nanoLCA from FDTD simulation for 0 nm, 5 nm, 9 nm, 15 nm and 20 nm. (F-I) Reflection spectra of Au nanoLCA from 
experimental measurement for 0 nm, 5 nm, 9 nm, 15 nm and 20 nm.
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Figure 2.5: (A & D) Experimental reflectance spectra of Au-Ti nanohole array sensor measured 
from the superstrate side (top row) and the substrate side (bottom row) shown schematically. (B) 
Reflectance spectrum of Au-Ti nanohole array sensor in air measured from the superstrate side. 
(C) Reflectance spectra of Au-Ti nanohole array sensor in water and in 50% v/v glycerol 
solution measured from the superstrate side. (E) Reflectance spectrum of Au-Ti nanohole array 
sensor in air measured from the substrate side. (C) Reflectance spectra of Au-Ti nanohole array 
sensor in water and in 50% v/v glycerol solution measured from the substrate side. 
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Figure 2.6 Brightfield optical microscope images of the nanohole array sensor with different thickness of titanium (Ti) layer. (Top 
row) Transmission and reflection images of the nanohole array sensor with 5 nm Ti layer exposed to air, water, and isopropanol (IPA). 
(Bottom row)  Transmission and reflection images of the nanohole array sensor with 9 nm Ti layer exposed to air, water, and 
isopropanol (IPA). 
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Figure 2.7 (A) Reflectance spectra of Au-Ti nanohole array sensor exposed to different 
concentrations of glycerol solution diluted with MilliQ water (0, 5, 20, 30, 40, 50 %v/v). (B) A 
plot of normalized intensity values (%) extracted from the reflectance spectra versus the change 
of refractive index of the glycerol solution relative to pure MilliQ water. (C) Reflectance images 
of the Au-Ti nanohole array sensor exposed to different concentrations of glycerol solution (% 
v/v) illuminated by 633 nm wavelength light (indicated by a dashed line in A). (D) A plot of the 
intensity of grayscale value extracted from the reflectance images versus the change of refractive 
index (of the glycerol solution relative to pure MilliQ water) shows a decreasing trend with an 
increase in the refractive index of the superstrate.   
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Figure 2.8 Transmission spectra of silver-deposited nanohole array sensor with different UV-
curable polymers. The three UV-curable polymers, given by their commercial product name, 
have been chosen because they have different refractive indices, which are as followed, Norland 
61 (n=1.56), Zipcone Gelest (n=1.464), and PC 409 (n=1.39).   All three of the nanohole array 
sensors have identical metal layers deposited (90 nm Ag and 9 nm Ti) in the same deposition 
batch. 
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Table 2.4 Peak wavelengths identified from the transmission spectra of silver-deposited nanohole 
array sensor with different UV-curable polymers, which are indicated by their product name and 
the refractive index, n, of the polymer. 
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CHAPTER 3: COLORIMETRIC PLASMON RESONANCE MICROFLUIDICS ON 
NANOLYCURGUS CUP ARRAY 
 
3.1 Introduction 
Traditional labels such as fluorophores, chromophores, or radioactive labels are widely used in 
microfluidic applications to visualize flow[25] or detect the presence or concentration of relevant 
species[26], [27]. However, each of these labels has shortcomings including bleaching of 
fluorophores, non-specificity of chromophores, and steric blocking of conjugated labels.[28]–
[30] Label-free detection based on optical techniques has revolutionized the ability to detect a 
broad range of biological samples such as protein-protein interaction, DNA hybridization simply 
based on the intrinsic dielectric permittivity of samples without the need for labeling.[31]–[33] In 
particular, label-free optical techniques such as surface plasmon resonance,[34] photonic 
crystal,[35] and ring resonator[36] have been integrated with microfluidics to measure the 
changes in the refractive index near the surface of the sensor. However, these techniques require 
complex instrumentation for illumination and detection such as high-resolution 
spectrophotometer, high-intensity monochromatic light source, and prism coupling. In contrast, 
optical sensors consisted of nanohole array on a noble-metal film, which exhibit extraordinary 
optical transmission (EOT), can be used with similar sensitivity to detect the changes in the 
refractive index near the surface of the sensor, with the advantage of simple collinear broadband 
illumination and portable spectrophotometer.[8], [37]–[39] 
 Previously, we have reported colorimetric surface plasmon resonance imaging using a 
nanohole array device called nanoLycurgus Cup Array (nanoLCA), in which we demonstrated 
high spectral sensitivity of the nanoLCA to the changes in the refractive index due to the 
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presence of different refractive index solutions and to the surface binding of biological-relevant 
molecules such as protein-protein interaction and DNA hybridization.[23] Due to the unique 
transmission/reflection peak wavelengths of nanoLCA in the visible wavelength range, we were 
able to demonstrate visible colorimetric changes simply due to the changes in the refractive 
index on and near the surface of the sensor upon the changes of the presence or the concentration 
of the sample of interest. In this work, we aimed to elucidate the colorimetric property of gold-
deposited nanohole array, as opposed to silver in the previous work, which not only has an effect 
on the surface compatibility and inertness but also on the surface plasmon resonance property of 
the device. Moreover, we extended the capability of nanoLCA to on-chip applications by 
integrating relevant microfluidic designs, such as parallel flow channels and droplet generator, 
and by demonstrating colorimetric visualization of static and transient dynamics of optically-
transparent solutions, which previously could not be visualized in a colorimetric manner.  
 Here, we present a colorimetric plasmonic-based nanohole array that can be fabricated in 
wafer-scale size using nanoreplica molding. The main advantage of our nanohole array is the 
ability to exploit the ubiquitous optical set ups such as a lab microscope to enable label-free 
colorimetric sensing. Specifically, we make use of the full spectrum of the collected light 
(transmission or reflection) to achieve the colorimetric sensing. We demonstrate the spectral 
sensitivity and the colorimetric sensitivity of our device in both transmission and reflection 
modes. We demonstrate good agreement between our experimental findings and finite-difference 
time-domain electromagnetic simulations. To quantitatively understand the colorimetric sensing, 
we correlated the spectral measurements of the nanohole array with the spectrum of a known 
light source to predict the colorimetric changes and compare against our colorimetric sensing. 
For application, we demonstrate large-scale, label-free, plasmonic-based real-time colorimetric 
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imaging of dissimilar liquids in a micro-droplet microfluidic generator. Lastly, we perform 
relevant biomolecule interaction assay using biotinylated thiol immobilized on the sensor and 
streptavidin-coated nanospheres to obtain real-time binding kinetics and dose-response 
information.  
 
3.2 Materials and methods 
3.2.1 Fabrication of nanohole array 
Square array of nanopillar structures (350 nm periodicity) has been fabricated on a glass 
substrate using interference lithography-based patterning and reaction ion etching. The 
nanopillar array was subsequently treated with dimethyldichlorosilane solution for 30 minutes to 
form a hydrophobic layer and then rinsed with ethanol and deionized water. Nanohole array was 
replicated on an UV-curable polymer from the nanopillar array using a nanoreplication process. 
A small volume of UV-curable polymer was dispensed on the nanopillar array and a 250 µm-
thick (Poly) ethylene terephthalate (PET) was placed on top to act as a mechanical support back 
substrate. The UV-curable polymer was exposed to UV light (105 mW cm-2) for 60 seconds at 
room temperature. After curing, the UV-curable polymer adhered to the PET substrate and was 
manually separated from the nanopillar array. Following the replication, 90 nm of gold and 9 nm 
of Ti for adhesion were deposited on the nanohole array. The nanoLCA has a periodicity of 350 
nm and hole diameter of 100 nm, coated with 90 nm of Au and 9 nm of Ti for adhesion. 
 
3.2.2 Spectral measurement and colorimetric imaging of nanohole array 
Spectral measurements were carried out on a multi-spectral imaging system based on a similar 
set up[40], which consists of a monochromator and a halogen lamp source that can illuminate the 
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sample with the wavelength range of 400 nm to 800 nm at an increment of 1 nm. For each 
wavelength, the transmitted and reflected light was collected with a 5× objective lens and imaged 
onto a monochromatic charge-coupled device-based camera. The control of the monochromator 
and the camera were synchronized using a custom LabVIEW program (National Instruments,). 
The measured spectra were normalized against the spectrum of the light source that was 
measured with no sample in the light path. The intensity of the normalized spectra, 
𝐼(𝜆)𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 , was calculated as 𝐼(𝜆)𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 =
𝐼(𝜆)𝑠𝑎𝑚𝑝𝑙𝑒
𝐼(𝜆)𝑙𝑖𝑔ℎ𝑡 𝑠𝑜𝑢𝑟𝑐𝑒
×
𝑡𝑙𝑖𝑔ℎ𝑡 𝑠𝑜𝑢𝑟𝑐𝑒
𝑡𝑠𝑎𝑚𝑝𝑙𝑒
, where 
𝐼(𝜆)𝑠𝑎𝑚𝑝𝑙𝑒 and  𝐼(𝜆)𝑙𝑖𝑔ℎ𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 are the transmitted/reflected intensity of the sample and the 
transmitted/reflected intensity of the light source respectively at each wavelength, and 
𝑡𝑠𝑎𝑚𝑝𝑙𝑒 and 𝑡𝑙𝑖𝑔ℎ𝑡 𝑠𝑜𝑢𝑟𝑐𝑒are the exposure time of the measurement for the sample and the light 
source respectively. Colorimetric imaging was performed using a bright-field upright microscope 
(Olympus, PA, USA) with a 5× objective lens and imaged onto a color charge-coupled device 
camera. The transmission and reflection illumination was from a 100W halogen lamp. 
 
3.2.3 Finite-difference time-domain electromagnetic simulation of nanohole array 
Finite-difference time-domain (FDTD) electromagnetic simulations of the nanohole array were 
performed using commercially available simulation software (FDTD solutions, Lumerical, 
British Columbia, Canada). The model of the nanohole array consists of a 100-nm thick gold 
(Au) layer, 10-nm thick Titanium (Ti) layer, and a 0.95-μm thick support substrate. The 
dimensions of the nanohole array are 350-nm periodicity and 100-nm diameter. The dielectric 
functions of the Au layer and Ti layer are from the built-in dielectric functions fitted to the 
parameters from Johnson-Christy and Palik handbook. The refractive index of the support 
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substrate was assigned 1.56, consistent with the UV-curable optical adhesive (Norland 61, 
Norland Products, NJ, USA) used in the replication of the nanohole array. 
 
3.2.4 Integration of nanohole array with microfluidic device 
The master mold with microfluidic design was designed using computer-aided design software 
and fabricated using stereolithography or photolithography. The microfluidic design was 
replicated onto PDMS using traditional soft lithography method (Figure 3.1A.1). 
Polydimethylsiloxane (PDMS) (10:1 v/v ratio of base agent and curing agent) mixture is poured 
over the master mold, degassed for 30 minutes, and cured at 65 degrees Celsius for 12 hours. 
After curing, the PDMS substrate was excised and the bonding surface was cleaned and 
protected using an adhesive tape. The fluid connection ports were created using an 18-gauge 
blunt-end needle. Since the PDMS-based microfluidic device comes into contact with the gold-
coated surface of nanoLCA, the traditional bonding technique of oxygen plasma treatment is not 
sufficient to create a strong bond between the two substrates. Prior to the adhesion step, the 
contact surface of the nanohole array substrate was rinsed with isopropanol and deionized water 
twice and then dried with Nitrogen gun. In addition, the PDMS substrate and the rinsed nanohole 
array substrate were further cleaned with oxygen plasma for 1 minute. The integration of the 
nanoLCA with the microfluidic device was accomplished using a “stamp and stick” method,[6] 
which utilizes a UV-curable optical adhesive to act as an adhesive layer between the PDMS-
based microfluidic device and the nanoLCA substrate (Figure 3.1A.2-1A.4). For adhesion, a thin 
layer of UV-curable optical adhesive (Norland 61, Norland Products, NJ, USA) is formed on a 
flat substrate by spin coating at 4000 RPM for 120 seconds. The PDMS substrate with 
microfluidic design is brought into contact with the spin-coated layer of UV-curable polymer 
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adhesive for at least 30 seconds. Then the PDMS substrate with microfluidic design is removed 
and subsequently brought into contact with the nanoLCA substrate. The bonded PDMS-
nanoLCA substrate is cured with a UV lamp for five minutes and then aged at 65 degrees Celsius 
for 12 hours. The bonding between the nanoLCA substrate and the microfluidic PDMS substrate 
withstood flow rates up to 40 µL min-1 without any leaks or delamination and is compatible with 
different solvent types including mineral oil, deionized water, phosphate buffered solution, 
ethanol, and isopropanol. The stamping method was viable for different heights of microfluidic 
channel, ranging from 200 µm to 30 µm with no significant overflow of the UV-curable 
adhesive. 
 
3.2.5 Comparison of spectral response and colorimetric response of nanohole array 
The spectral response of the nanohole array was converted into the expected intensity values of 
red, green, blue (RGB) channels of a color CCD camera by accounting for the spectrum of the 
illuminating light source and the quantum efficiency of the individual color filter. Normalized 
spectra of the nanohole array, for both transmission and reflection, were multiplied with the 
spectrum of the light source to obtain a new spectrum that is incident on the CCD camera. Next, 
the new spectrum is separated into the individual color spectra (RGB) by multiplying with 
Gaussian distributions that approximate the quantum efficiency of the color channels. Finally, 
the RGB intensity values were obtained by integrating the area under each of the color spectra 
and normalized as, for example for red channel, 𝐼𝑛𝑜𝑟𝑚𝑅 =
𝐼𝑅
(𝐼𝑅+𝐼𝐺+𝐼𝐵)
, where 𝐼𝑛𝑜𝑟𝑚𝑅 is the 
normalized intensity of the red channel and 𝐼𝑅, 𝐼𝐺 , 𝐼𝐵 are the intensity of the red, green, and blue 
channels respectively. 
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3.2.6 Kinetic measurements on nanohole array 
Time-trace measurements of the transmission and reflection spectrum of the nanohole array were 
performed on an upright microscope (Olympus, PA, USA) using a 20X objective and a portable 
spectrometer (Ocean Optics, Dunedin, FL). A syringe pump (Harvard Apparatus, Holliston, MA) 
was used to continually flow the samples to the microfluidic nanohole array device at a flow rate 
of 20 µL min-1 – 40 µL min-1. A custom MATLAB script was used to control the spectrometer, 
which acquired a spectrum every 5 seconds with an exposure time of 150 milliseconds for up to 
one hour. The acquired spectra were normalized against the spectrum of the light source and the 
peak wavelength of the normalized spectra was determined using a polynomial fit function in 
MATLAB. For streptavidin-biotin experiments, 33 mM of biotinylated thiol (Nanoscience, 
Phoenix, AZ) solution in anhydrous ethanol was flowed into the microfluidic nanohole array 
sensor overnight to form a self-assembled monolayer. After the incubation, the microfluidic 
channel was rinsed with ethanol and water twice, and after rinsing, a control spectrum was 
measured using phosphate buffered solution as a blank.  Streptavidin solution was flowed in the 
microfluidic channel as the time-trace measurement commenced. 
 
3.3 Results and discussion 
3.3.1 Fabrication of nanohole array 
Scanning electron microscopy images indicate the periodicity of the nanohole to be 350 nm with 
a diameter of 200 nm after the deposition of Au film. Cross-section view of the nanohole array 
indicates the aggregation of nanoparticles on the side wall with the presence of a thick Au film at 
the bottom of the nanoholes. This may be due to the slightly angled sidewalls that can 
accommodate the accumulation of particles. This phenomenon can be observed even without the 
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deposition of the adhesion Ti layer. Due to the high quality of the master mold, large area of 
nanoholes can be easily produced. Since the nanoreplication process can produce complementary 
mold (See Supporting information for schematic), the original master mold can be replicated 
with double replications, and the replicated master mold can be used to continually the future 
devices, preserving the original master mold. Using the nanoreplication method, we have 
produced up to 70 mm by 70 mm area usable for sensing, which greatly exceeds to the usable 
sensor area produced by other method such as focused ion beam lithography, which is a serial 
process, and nanosphere lithography, which can be difficult to produce large defective-free area. 
Finally, with multiple replicated master molds, we are able to produce multiple large area 
nanohole array sensor in parallel, enabling high production of plasmonic sensors. 
 One note of interest in the fabrication of nanohole array sensor is the choice of adhesion 
layer.[42] Functionally, the adhesion layer increases the adhesion between the noble metal layer 
and the underlying substrate, which normally has poor adhesion. Based on surface plasmon 
resonance (SPR) sensors, the choice of material is predominantly chromium (Cr) or titanium 
(Ti).[43] While they both provide ample adhesion for the noble metal layer, they have different 
optical properties (i.e. dielectric permittivity) in the visible wavelength range where most of the 
nanohole array sensors is used for sensing. Qualitatively, for the same thickness, Cr has lower 
optical transmission than Ti in the visible wavelength range (85% vs. 70%). Therefore, the 
choice of metal for adhesion needs to be carefully considered for plasmonic-based sensing. 
 
3.3.2 Optical (spectral and colorimetric) characterization of nanohole array 
Static spectral and optical colorimetric characterization of microfluidic nanoLCA was performed 
using a parallel-channel microfluidic device bonded to the nanoLCA substrate (Figure 3.1C). 
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The parallel-channel design (width: 500 µm, height: 200 µm) allows for maximal area usage of 
the nanoLCA substrate (Figure 3.1D) by accommodating multiple solutions on a single device, 
with minimal volume of sample needed (~ 100 nL). To characterize the spectral sensitivity of 
nanoLCA, different concentrations of glycerol diluted in deionized water (water only, 1%, 5%, 
10%, 20%, 30%, 40%, 50% v/v) were prepared to generate solutions with different refractive 
index and each solution was perfused into a different parallel channel on top of the nanoLCA. 
Transmission spectrum of each concentration solution confined in a channel was measured using 
a multispectral optical imaging system[40], which utilizes a wavelength-controllable 
monochromatic light source (𝜆= 400-800 nm, ∆ 𝜆=1 nm) and a monochromatic camera 
synchronized with the light source. A theoretical approximation of the peak wavelength in a 
nanohole array due to surface-plasmon-polariton-Bloch-wave (𝜆SPP-BW) is given as 𝜆𝑆𝑃𝑃−𝐵𝑊 =
 
𝑝
√𝑖2+𝑗2
√
𝜀𝑚𝜀𝑑
𝜀𝑚+𝜀𝑑
 , where p is periodicity of the nanohole array, i and j are the scattering orders, em 
and ed are the dielectric constants of the metal and the dielectric solution respectively.[12] The 
measured transmission spectra of all solutions contained two intensity peaks, first one around 
525 nm and second one around 600 nm (Figure 3.2A). Similar peaks have been observed in 
nanohole array devices with comparable array dimensions[20], [44] and the peaks were assigned 
to the two resonance modes (𝜆 (1,1) and 𝜆 (1,0) respectively) of the surface plasmon-polariton-Bloch 
wave generated in the nanohole array from the metal-solution interface. With increasing 
refractive index (i.e. increasing glycerol concentration), the second peak wavelength around 600 
nm red shifts, that is it shifts to longer wavelengths. That red shift is expected from equation 1, 
which indicates the increase of dielectric constant of the dielectric material will give rise to an 
increase in the wavelength of SPP-Bloch wave. The sensitivity was calculated by measuring the 
change in the wavelength of the second intensity peak (Δ𝜆)  as the refractive index of the 
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glycerol solution was changed (∆𝑛) (Figure 3.2B). The measured sensitivity (S), which was 
calculated as (
∆𝜆
Δ𝑛
), was 247 nm RIU-1 (R2 = 0.99) in the range of refractive index from 1.33 to 
1.4137, comparable to other sensors (ring resonator S~246nm RIU-1[36], nanohole array S~333-
470nm RIU-1[37], [39], [45]). The figure of merit (FOM), a metric for comparing sensing 
performance of plasmonic sensors, is calculated as (
∆𝜆
∆𝑛
) (
1
Δ𝑤
), where ∆w is the full-width-half-
maximum (FWHM) of the peak. The FOM for the gold-coated nanoLCA used in the experiment 
is 3.3 with a FWHM of 75 nm. The spectral response of the nanohole array in transmission mode 
and reflection mode was investigated using finite-difference time-domain electromagnetic 
simulations. For both transmission mode and reflection mode, the experimental results and the 
simulation results of the spectral response have good agreement as shown as Figure 3.3 and 
Figure 3.4. 
 Due to the fact that the change in the transmission peak wavelengths of nanoLCA, in 
response to the change of refractive index, is in the visible wavelength range (𝜆=400-800 nm), 
there is a corresponding change in the color appearance of the transmitted light. This 
phenomenon was utilized previously by capturing color images and correlating the intensity 
change of RGB channels of the images with the change in refractive index.[23] In this work, we 
utilized simple collinear illumination in transmission and reflection modes to colorimetrically 
detect the change in refractive index. Each of the microfluidic nanoLCA channels filled with 
glycerol solution was illuminated by a halogen lamp collimated with a condenser lens and 
imaged using a 5× objective lens coupled to a color CCD camera. Figures 3.2C and 3.2E show 
cropped region from the obtained optical image of the microfluidic nanoLCA channel for each 
concentration of glycerol solution, from transmission and reflection modes respectively. In 
transmission mode, the color appearance changes from green to red as the refractive index 
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increases (i.e. glycerol concentration increases). For each image (i.e. one concentration/one 
refractive index), we extracted red, green, and blue (RGB) channels and for each color channel, 
we computed the average of the normalized intensity (normalized by total intensity, for example 
for red channel, 𝐼𝑛𝑜𝑟𝑚𝑅 =
𝐼𝑅
(𝐼𝑅+𝐼𝐺+𝐼𝐵)
, where 𝐼𝑛𝑜𝑟𝑚𝑅is the normalized intensity of the red channel 
and 𝐼𝑅, 𝐼𝐺 , 𝐼𝐵 are the intensity of the red, green, and blue channels, respectively) of four separate 
regions from the image. Figure 3.2D shows the normalized intensity of red and green channels 
extracted from optical transmission images versus the change in refractive index. Consistent with 
the red shift from the spectral measurements, the normalized intensity of red channel increased 
and the normalized intensity of green channel decreased with increasing refractive index. The 
colorimetric sensitivity of R and G channels are 1.18 RIU-1 and -1.11 RIU-1, respectively. That 
is, for a change of 0.01 refractive index unit, there is approximately 1% increase and decrease of 
normalized intensity of R and G channels. This is slightly lower than the bulk sensitivity 
characterized in a similar nanohole array device (periodicity: 420 nm, diameter: 225 nm) [20]; 
however, this may be due to differences in the optical detection setup and the larger periodicity 
of the array, which increases the bulk sensitivity.[44], [46] In the reflection mode (Figure 3.2F), 
we observed the colorimetric response to change in refractive index in a reciprocal manner to 
that of the transmission mode, that is the minimum intensity wavelength in transmission 
coincides with the maximum intensity wavelength in reflection mode.[47] With increasing 
refractive index, in reflection mode, there was a decrease in the normalized intensity of R 
channel and an increase in the normalized intensity of G channel. The calculated colorimetric 
sensitivity in reflection mode was -1.15 RIU-1 and 1.01 RIU-1 for R and G channels respectively.  
While we observed qualitatively that with increasing values of refractive index, the peak 
wavelength, initially at λpeak=589 nm for n=1.33, shifted to longer wavelength (i.e. λpeak > 589 
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nm for n > 1.33) and therefore, in colorimetric imaging, there would be a corresponding increase 
in the intensity of the red channel.  
 To quantitatively resolve the colorimetric response, we numerically modeled the 
colorimetric response of the CCD camera to the spectral response of the nanohole array when 
exposed to solutions with different values of refractive index, shown schematically in Appendix 
Figure A.3. First, we calculated the spectrum that is transmitted or reflected from the nanohole 
array, which is the product of the normalized spectrum and the spectrum of the light source. 
Next, we accounted for different quantum efficiency of the red, green, blue color filters that are 
on the CCD, which we approximated using Gaussian functions.[48] Lastly, the intensity of the 
red, green, and blue channels is calculated by integrating the area under the spectrum of each 
channel. While the quantum efficiency of the color filters and the CCD is approximated using 
simple Gaussian distributions, the calculated values of normalized intensity of red, green, and 
blue channels closely matched the experimental data for the range of refractive index values that 
the nanohole array was exposed. In the transmission mode, the increase in the intensity of the red 
channel and the decrease in the intensity of the green channel were re-produced in the modeling. 
Likewise, in the reflection mode, the decrease in the intensity of the red channel and the increase 
in the intensity of the green channel were accurately produced in the modeling (See Figure 3.5). 
This numerical modeling establishes the direct relationship between the spectral response (i.e. 
red shift of the peak wavelength) and the colorimetric response of the nanohole array.  
 Optical colorimetric sensing of different refractive index solutions on nanoLCA was 
possible due to the fact that the change in peak wavelength is within the visible wavelength 
range, specifically in the green-red range. Other nanohole array devices have been reported with 
similar optical changes in the visible and near-infrared wavelength range[19], [49], [50]. 
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However, due to limitations such as peak wavelength shift in near-infrared wavelength range, 
small sensor area (15 µm by 15 µm only), or single wavelength light source (intensity variations 
only), spectral/colorimetric changes due to changes in refractive index and spatial localization of 
the spectral changes cannot be simultaneously visualized using existing optical microscopy 
systems and instead requires custom illumination set up and high magnification objective (e.g. 
100×). In contrast, nanoLCA devices have been fabricated with a minimum sensor area of 1 cm 
× 1 cm, which contains up to 2.8 million individual nanoholes with a periodicity of 350 nm. The 
large sensor area combined with sensitive colorimetric sensing in the visible wavelength range 
enables real-time colorimetric sensing with spatial localization of micro-macro fluidic dynamic 
on top of the nanoLCA.  
 
3.3.3 Real-time colorimetric plasmonic-based visualization of dissimilar fluids in microfluidics 
To demonstrate real-time colorimetric sensing and spatial localization of different refractive 
indices with nanoLCA, we chose two solutions (water and mineral oil) due to the large 
difference in refractive index (n=1.332 and n=1.467) and the immiscibility between the two 
solutions. These solutions are widely used in droplet formation with water in dispersed phase and 
oil in continuous phase.[51], [52] Optical images of the two solutions on nanoLCA showed the 
expected red shift appearance in the transmission mode and the blue shift appearance in the 
reflection mode due to the increase in refractive index (Figure 3.6A). The red shift in 
transmission mode is confirmed with the measured transmission spectra of the two solutions, 
where the transmission spectrum of water has an intensity peak at 589 nm and that of oil has an 
intensity peak at 635 nm. To spatially modulate the two immiscible solutions, we fabricated a 
microfluidic device with flow focusing geometry to generate water droplets in oil emulsion 
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(Figure 3.6B) with the flow focus junction placed on the nanoLCA. Figure 3.6C shows the close 
up view of the water inlet channel and the two oil inlet channels at the flow-focusing junction on 
nanoLCA. Note that in this reflection image the contrast in the color appearance of the two 
immiscible solutions is apparent and the interface between the two appears as dark regions. The 
two solutions were perfused into the microfluidic device using two syringe pumps (Harvard 
Apparatus, MA, USA) at a rate of 5 µL min-1 (water) and 10 µL min-1 (oil), and at steady state, 
water-in-oil droplets were generated at a rate of approximately one hertz. Figure 3.6D shows a 
series of time lapsed images of generated water-in-oil droplets traversing across a selected region 
on nanoLCA (see the recorded movie in Supporting Information). Due to the large sensor area, 
the entirety of the generated droplet can be visualized at relatively high temporal resolution. 
More importantly, the difference in refractive index of the water droplet in oil emulsion can be 
visualized in real-time as the water droplets wetted the surface of nanoLCA as they traveled 
toward the outlet. Upon closer inspection, we observed partial wetting at the leading edge of the 
water droplet where there were green streaks trailing the droplet edge, indicating the gradual 
displacement of oil molecules by the water molecules as the droplet wets the surface. Likewise, 
the observed green streak inside the droplet away from the edge of the droplet was due to a thin 
layer of oil that was trapped on the surface of nanoLCA. This demonstrates the high sensitivity 
to the refractive index of the solution immediately adjacent to the surface where the evanescent 
field penetrates approximately 200 nm to 300 nm into the dielectric medium.[53]  
 The colorimetric sensing of the modulation of refractive indices was quantified for green 
and red channels in both transmission and reflection mode measurements (Figure 3.7). In 
transmission mode, the red shift of the peak wavelength with the increase in the value of 
refractive index (from water to oil) can be observed as an increase in the intensity of the red 
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channel and a decrease in the intensity of the green channel (Figure 3.7A, 3.7B). Conversely, in 
reflection mode, the intensity of red channel decreases with an increase in refractive index (from 
water to oil), and the intensity of green channel increases accordingly (Figure 3.7C, 3.7D). The 
difference in the colorimetric sensitivity between the transmission mode and reflection mode 
may be due to the stronger SPP coupling on the metal-solution side when illuminated from the 
solution side (reflection mode); similar observations have been when the two modes were 
compared in nanohole arrays[47], [54]. This modulation of two immiscible solutions can be 
colorimetrically distinguished and spatially localized with in the field of view of the objective 
lens; specifically the outline of the droplet and the surface wetting of the droplet are visible. The 
colorimetric sensing capability of microfluidic nanoLCA over long term time traces of 
modulation showed consistent and robust results.  
 
3.3.4 Kinetic measurement of biomolecule interaction on the surface of nanohole array 
Streptavidin-biotin binding was used as a model system to observe the kinetic measurement of 
biomolecule interaction on the surface of the nanohole array. Streptavidin-biotin has one of the 
highest known affinity (Ka ~ 10
15 M-1), which has been exploited to functionalize biomolecules 
such as proteins, nuclei acids, antibodies, and synthetic particles such as magnetic beads.[55], 
[56] For the kinetic measurements, we utilized a 200-nm fluorescently labeled microsphere 
(Bangs Laboratories, Fishers, IN) coated with streptavidin, which allowed us to confirm the 
presence of the streptavidin with fluorescence imaging. To functionalize the surface of the 
nanohole array sensor, we immobilized biotinylated thiol, which formed a self-assembled 
monolayer with the biotin moiety directed away from the surface. The streptavidin solution was 
flowed into the microfluidic channel using a syringe pump with controllable flow rate and the 
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time trace measurement of the light spectrum was continually recorded for a period of up to one 
hour. Figures 3.8 and 3.9 show the typical sensorgram with the association and the dissociation 
stages of the binding event between the streptavidin-coated microspheres and the biotin moiety 
on the surface. The association stage shows the rapid accumulation of the streptavidin-coated 
microspheres on the surface, which increases the local refractive index near the surface. 
Subsequently, the peak wavelength was observed to red shift that is to shift to higher 
wavelength, as the local refractive index increases.  
 Nanoreplication-based fabrication allows for large-area highly uniform nanohole array 
sensor with minimal equipment and material compared to other fabrication method such as 
electron beam lithography. The main advantages of nanoreplication are the scalability of the 
sensor area, which is limited only by the area of the replication mold, and the ability to re-use the 
replication mold. Using nanoreplication, we were able to fabricate large-area sensors up to mm 
by mm, which allowed for relatively large area surface plasmon resonance-based colorimetric 
sensing of solutions with different refractive index, droplet generation using two immiscible 
solutions, and time-trace measurements of biomolecule interaction on the surface of the nanohole 
array sensor. While previously we reported the colorimetric sensing ability on nanohole array 
sensor with silver deposition, the silver coating is sensitive to oxidation and is more reactive 
compared to gold. In this work, we focused exclusively on the characterization of gold-coated 
nanohole array sensor, which is less reactive and is more in common in terms of protocol for 
surface functionalization compared to SPR-based sensing. 
 The optical characterizations, including spectral and colorimetric methods, revealed a 
sensitivity of 247 nm RIU-1 in the transmission mode and a sensitivity of 300 nm RIU-1 in the 
reflection mode. This is comparable to other nanohole array sensors with similar periodicities, 
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for example a nanohole array sensor with a periodicity of 400 nm had a sensitivity of 300 nm 
RIU-1.[17] Moreover, it has been shown that the sensitivity increases with the increase in 
periodicity, with the highest sensitivity (1520 nm RIU-1) reported by a nanohole sensor with a 
periodicity of 1530 nm.[46], [57] However, with the increase in periodicity, in transmission 
mode, the peak wavelength shifts out of the visible wavelength range into the near infrared 
range, which requires unconventional light sources and detector to observe the peak wavelength 
shift. With our sensor, the peak wavelength shifts well within the visible wavelength range 
(around 600 nm in the transmission mode and around 500 nm in the reflection mode), which can 
be well detected by conventional light sources such as halogen or mercury bulbs and a portable 
spectrometer. The shift in the peak wavelength in response to the change in refractive index was 
confirmed using finite-domain time-difference (FDTD) simulations. There was consistent match 
between the peak wavelength shift identified in the experimental spectra and the peak 
wavelength shift simulated from FDTD. Moreover, cross-sectional view of the nanohole array 
sensor in the simulation showed that the peak wavelength shift is sensitive to the changes at the 
interface between the gold layer and the superstrate layer. This is consistent with the 
observations made in other nanohole array sensor. [44], [58] 
 Most importantly, because the peak wavelength shifts occur in the visible wavelength 
range, the distinct difference in color can be observed using our own eyes (with a sufficient large 
shift) and imaged and quantified with a charge-coupled device (CCD). While the spectral 
response of the nanohole array sensor can be easily identified using a spectrometer, the 
colorimetric response of the sensor to changes in the refractive index is not straightforward due 
to the variable response of the CCD-based camera. Therefore, we have developed a simple 
model for predicting the colorimetric response of the nanohole array sensor to changes in 
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refractive index by approximating the quantum efficiency of the individual color filters (red, 
green, and blue) in a color CCD camera. Although the quantum efficiencies are approximately, 
based on the input spectrum, the colorimetric-response model produced similar red, green, and 
blue intensity values with the same trend as the experimental values in response to changes in 
refractive index. This model helps us predict the colorimetric response and allows for us to better 
select illumination light sources and cameras for colorimetric sensing. A theoretical model has 
been put forth by other researchers which can improve the accuracy of the colorimetric 
response.[59] 
 In addition the spectral and colorimetric response of the gold nanohole array sensor, we 
integrated microfluidic channels to the nanohole array sensor to demonstrate real-time kinetic 
measurements of the sensor in response to dynamic droplet generation and kinetic binding of 
biomolecules on the surface of the sensor. Using a simple stamp-and-stick method, we were able 
to reliably produce robust microfluidic-integrated nanohole array sensor with various channel 
designs such as parallel channels and droplet generation. In droplet generation, we showed for 
the first time the surface plasmon resonance-based colorimetric visualization of two immiscible 
solutions interacting to produce a droplet. Such visualization would be not possible in other 
nanohole array sensors due to the relatively large sensor area and acquisition of high spatial and 
temporal resolution. Likewise, we demonstrated relevant model immunoassays including 
streptavidin and biotin binding and bovine serum albumin adsorption carried on the nanohole 
array sensor with time-continuous spectral measurements. However, due to our ability to 
fabricate large area sensors and colorimetric-based sensing, we were able to visualize the droplet 
size, generation rate, and even front and rear edge of the droplet wetting. Lastly, in biomolecule 
interaction, we determined the association constant and dissociation constant of the binding 
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between streptavidin-coated microspheres and self-assembled monolayer of biotinylated thiol on 
the surface of the sensor.  
 
3.4 Conclusion 
 The implication of this colorimetric visualization of aqueous-based and non-aqueous-based 
solutions is direct observation of fluid phenomena such as laminar or turbulent flow and mixing 
without the need for the addition of contrast agent. In addition, due to the high colorimetric 
sensitivity to the refractive index of the nanoLCA, the use of a spectrometer or other complex 
instrumentation is not required to detect the optical changes within the fluid flow. Applications 
such as droplet generation for discretize reaction or droplet-based detection, microfluidic 
nanoLCA can be used to monitor the kinetics of the ongoing reaction within the droplet. Given 
the ease of fabrication and integration of nanoLCA with microfluidics, we intend to expand on 
the functionality of the microfluidic design to achieve portable colorimetric biosensors with 
appropriate surface recognition schemes as reported by others.[45], [60]  
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3.5 Figures 
 
Figure 3.1. Schematic of the construction and the assembly of microfluidic nanoLycurgus Cup 
Array (nanoLCA) sensor. (A1) Polydimethylsiloxane (PDMS)-based microfluidic device is 
replicated from a stereolithography (SLA) master mold. (A2-A3) The microfluidic device is 
brought into contact with a thin layer of UV-curable optical adhesive and the adhesive is 
transferred onto the contacted PDMS surface. (A4) The adhesive-coated microfluidic device is 
brought into contact with the nanoLCA and the adhesive was cured by exposure to UV light. (B) 
Colorimetric imaging was performed in transmission and reflection modes with using 
illumination provided by a halogen lamp and imaging using a 5X objective and a CCD camera. 
(C) A microfluidic device with ten parallel channels bonded to the nanoLCA layer, perfused with 
various aqueous solutions (yellow and red color appearances) and empty (blue color appearance) 
(channel width: 500 μm). (D) A scanning electron microscope image of the individual nanoholes 
on nanoLCA after metal deposition. 
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Figure 3.2. Spectral and colorimetric characterizations of nanoLCA in the response to changes in 
refractive index due to the presence of increasing concentration of glycerol solutions. (A) 
Transmission spectra of nanoLCA with increasing concentrations of glycerol solutions (dashed 
line at λ = 589 nm was added to aid the visualization of peak wavelength shift). (B) Refractive 
index sensitivity of nanoLCA characterized by linearly fitting the change in peak wavelength 
versus the change in refractive index. The sensitivity was calculated to be 247 nm RIU-1 (R2 = 
0.99) in the range of RI=1.33–1.4137. (C) Optical transmission images of different channels of 
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microfluidic nanoLCA filled with increasing concentrations of glycerol solution. (D) In 
transmission imaging, the normalized intensity of red channel (red solid line) is observed to 
increase linearly and the normalized intensity of green channel (green dashed line) is decreasing 
linearly with increasing refractive index change. (E) Optical reflection images of different 
channels of microfluidic nanoLCA (same location as the transmission images) filled with 
increasing concentrations of glycerol solution. (F) In reflection imaging mode, a reciprocal 
normalized intensity response to increasing was observed for red and green channels compared 
those in the transmission mode. That is, with increasing refractive index change, the normalized 
intensity of red channel (red solid line) is observed to decrease linearly and the normalized 
intensity of green channel (green dashed line) is increasing linearly.  
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Figure 3.3. Experimental (solid line) and simulated (dashed line) transmission spectra of 
nanohole array with superstrates with different refractive index (n=1, 1.33, and 1.41) with 
corresponding cross-section views of |E2| intensity at peak wavelengths indicated by circles. 
When the nanohole array is in air (n=1), only one peak wavelength (𝜆= nm) was observed in the 
experimental and simulated transmission spectra (A), with relatively low intensity (maximum 
|E2| ~ 21) at the Au-superstrate interface (B). When immersed in water (n=1.33), two peak 
wavelengths (𝜆1= nm and 𝜆2= nm) can be observed with the longer peak wavelength 
corresponding to the Au-superstrate interface (C). Compared to the intensity when in air, the 
intensity of |E2| at the Au-water interface has increased significantly (maximum |E2| ~ 120) (D). 
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Upon changing the superstrate to 50% v/v glycerol solution (n=1.41), the second peak 
wavelength in the experimental and simulated transmission spectra red shifts to 𝜆= nm (E). 
Moreover, the cross-section intensity at the Au-superstrate has increased (maximum |E2| ~ 137) 
(F). 
 
Figure 3.4. Experimental (solid lines) and simulated (dashed lines) reflection spectra of nanohole 
array with superstrates with different refractive index (n=1, 1.33, 1.41) with corresponding cross-
section views of |E2| intensity at peak wavelengths indicated by circles. In air (n=1), there was no 
observable dip wavelength in the experimental and simulated spectra (A) and correspondingly, 
there was low |E2| intensity at the Au-superstrate interface (B). When the refractive index of 
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superstrate was changed to water (n=1.33), a single dip was observable in the experimental and 
simulated spectra at nm (C). The cross section intensity plot at nm showed high intensity 
(maximum |E2| ~ 124) at the Au-superstrate interface (D). Further increase of the refractive index 
of the superstrate by switching 50% v/v glycerol solution (n=1.41) resulted in the red shift of the 
single dip to nm in the experimental and simulated spectra (E). Likewise, the maximum intensity 
of the |E2| increased to 170 upon the increase of the refractive index of the superstrate to n=1.41 
(F). 
 
Figure 3.5. Experimental and simulated colorimetric measurement (intensity of red channel, R 
and intensity of green channel, G) of nanohole array to different refractive indices superstrate in 
transmission and reflection modes. For both modes, the colorimetric measurements can be 
reconstituted accurately from the spectral measurements, as evident by the good fitting between 
the experimental and the simulated data. In transmission mode, distinct intensity increase in the 
red channel and intensity decrease in the green channel correspond well with the red shift in the 
spectral measurement as the refractive index of the superstrate was increased (A). Conversely, in 
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the reflection mode, the intensity of the red channel decreased and the intensity of the green 
channel increased with the increase of the refractive index of the superstrate (B).  
 
 
Figure 3.6. Modulation of two immiscible solutions (water and oil) with different refractive 
indices on microfluidic nanoLCA via micro-droplet generation. (A) Microfluidic scheme for 
droplet generation, using water-in-oil emulsion, placed over the nanoLCA. (B) Close-up view of 
the microfluidic droplet generation nozzle region (dotted area from figure A) with top inlet for 
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water and side inlets for oil (solid arrow indicates the direction of the flow). (C) Time lapsed 
reflection images of water (W) droplet formation, release, and re-formation in oil (O) emulsion at 
the nozzle region. (D) Top row shows the transmission (left) and reflection (right) colorimetric 
images of water and oil on the nanoLCA. Bottom plot is the transmission spectra of water and oil 
on nanoLCA. 
 
 
Figure 3.7. Colorimetric sensing of two immiscible solutions (water and oil) with different 
refractive indices on nanoLCA modulated by microfluidic droplet generation scheme. (A) 
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Colorimetric sensing based on optical (BF) transmission images of two immiscible solutions 
modulated over a region of nanoLCA. Flow over of oil (higher refractive index fluid) on 
nanoLCA resulted in an increase of normalized intensity of red channel and a decrease in the 
normalized intensity of green channel. (B) Long term modulation of droplets of water and oil on 
nanoLCA resulted in consistent corresponding modulation of normalized intensity of red and 
green channels. (C) In reflection mode, flow over of oil (higher refractive index fluid) on 
nanoLCA resulted in a decrease of normalized intensity of red channel and an increase in the 
normalized intensity of green channel. (D) In reflection mode, higher normalized intensity 
contrast for both red and green channels can be observed, compared to those in transmission 
mode, in response to the modulation of water and oil on nanoLCA. 
 
 
Figure 3.8. Streptavidin-biotin representative association curve on nanohole array sensor 
immobilized with biotinylated thiol. (A) 100:1 dilution ratio of streptavidin solution and (B) 
200:1 dilution ratio of streptavidin solution. The flow rate used was 20 microliters per minute. 
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Figure 3.9 Bovine serum albumin (BSA) association curve on Au nanohole array sensor via 
adsorption. 1 mg/mL BSA solution was injected at 40 microliters per minute into the 
microfluidic channel around the 2-minute mark. 
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CHAPTER 4: SURFACE-BASED CHARACTERIZATION AND SENSING ON 
NANOHOLE ARRAY 
 
4.1 Introduction 
Surface plasmon resonance is generally to have an exponential decay electric field in the z-
direction normal to the surface of the sensor. Typically, a surface plasmon resonance (SPR)-
based device has a decay length of nanometers away from the surface of the sensor. This region 
is defined as the sensing region meaning any changes of the refractive index (due to association 
or dissociation) in this region can be sensed and conversely, any changes outside of this region 
cannot be sensed using surface plasmon resonance. The importance of this region is underscored 
by the fact that all detection must be located on or near the surface and that the size of the species 
involved in the sensing scheme must be on the same order of the scale as the sensing region. 
Therefore, immunoassays such as enzyme-linked immunosorbent assay (ELISA) can be easily 
adapted to the SPR-based sensing and on the other hand, solution-based assays that do not 
require a solid surface are not suitable for SPR-based sensing. 
 One common method of surface-based characterization for SPR sensing is to deposit 
controlled thicknesses of film with well-known optical properties (such as refractive index) and 
to measure the response of the sensor to the deposited thickness of film. By knowing the 
thickness of the deposited film and the response of the sensor, an analytical function can be 
derived that approximates the decay characteristic of the electric field of the sensor. That is the 
idea behind layer-by-layer (LbL) deposition to measure the decay length of SPR-based sensor. 
Typically, the material used in the LbL deposition are two different polymers are cationic and 
anionic under different conditions and are mutually attracted to each other through electrostatic 
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interaction. Although the growth rate of the polymer film is not self-limiting, the thickness of the 
deposited film can be controlled through the duration of the immersion (or exposure) to the 
polymer solution. Moreover, the LbL technique can be combined with micro-contact printing for 
patterning the initial layer. Micro-contact printing is a widely used technique for creating macro 
and micro-scale patterns (e.g. lines, arrays of spots) by specifically depositing desired molecules 
onto the surface of a substrate.[61], [62] The main advantages of micro-contact printing are the 
ease of ability to precisely localize the deposition of molecules, the flexibility in the geometry of 
the design, and the versatility or the compatibility of the technique in printing different kinds of 
molecules.  
 Lastly, following the characterization of the surface-based sensing of the nanohole array 
sensor, a novel protein interaction assay based on cytochrome P450 was performed to detect the 
interaction of the protein with a co-enzyme as well as an interfering agent. All of these 
experiments aim to show that the nanohole array sensor is suitable and adaptable for different 
types of surface detection with sensitivity and specificity designed by the immobilized 
recognition layer. 
 
4.2 Materials and methods 
4.2.1 Layer-by-layer deposition 
All of the reagents for the layer-by-layer deposition were purchased from Sigma Aldrich 
(Milwaukee, WI). The gold-coated nanohole array is immersed in 33mM of dithiodibutyric acid 
(DBTA) in ethanolic solution for 24 hours to form a self-assembled monolayer with a carboxyl 
terminal. After the immersion, the sample is rinsed with ethanol and dried with Nitrogen gun. 
For layer-by-layer deposition, the sample is immersed alternately in two polymer solutions, 
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Poly(allylamine) (PAH) and Poly(sodium 4-styrenesulfonate) (PSS). PAH solution was prepared 
at a concentration of 3 mg mL-1 (pH 8.0) in Millipore water and PSS solution was prepared at a 
concentration of 3 mg mL-1 (1 M MnCl2, pH 2.0) in Milli-Q water. The sample was first 
immersed in PAH solution for 5 minutes and then rinsed with Milli-Q water and dried with 
Nitrogen gun. After drying, the sample was immersed in PSS solution for 1.5 minutes and then 
rinsed with Milli-Q water and dried with Nitrogen gun. The two immersion steps were repeated 
until a required number of layer was obtained. 
 
4.2.2 Micro contact printing of poly-L-lysine and alkanethiols 
Poly-L-lysine solution (1 mg/mL) (Sigma Aldrich, Milwaukee, WI) was used as purchased and 
was diluted with Milli-Q water for lower concentration. In addition to dithiodibutyric acid 
(DBTA), 6-mercapto-2-hexanol (MCH) (SCH2 (CH2)4CH2OH) and decanethiol (CH3 
(CH2)8CH2SH) (Sigma Aldrich, Milwaukee, WI) solutions were used to create self-assembled 
monolayer for the adhesion of the polymer film. Soft lithography was used to fabricate contact 
printing stamps that consist of circular post structures or simple flat sheets made from 
polydimethylsiloxane (PDMS). The contact printing stamps were inked for 30 seconds, with 
excess solution removed with Nitrogen gun, and then brought into contact with the nanohole 
array sensor for 5 seconds. The unstamped areas were backfilled with DBTA solution via 
immersion. 
 
4.2.3 Ellipsometry measurement 
The thickness of the deposited polymer was measured using a single-wavelength (632.8 nm), 
fixed angle ellipsometer (Gaertner Scientific Corporation, Skokie, IL) with an estimated 
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refractive index of 1.63 for the polymer layer. Ten layers of polymer film were deposited on a 
flat gold film deposited a silicon wafer and the thickness of the polymer film was measured over 
five different locations on the sample. 
 
4.2.4 Spectral and colorimetric characterization 
The transmission and reflection spectrum of the nanohole array sensor were acquired 
immediately following the rinse and dry step during the layer-by-layer deposition process. The 
spectral measurement was carried out on an upright microscope (Olympus, PA, USA) with a 5x 
or 20x objective in brightfield mode. The samples were illuminated by a halogen light source and 
the acquired spectra were normalized with the spectrum of the light source. For colorimetric 
images, a CCD camera was utilized to acquire the image of the sample in the field view. 
 
4.2.5 Decay length calculation 
The decay length of the nanohole array sensor was calculated according to the following 
analytical expression, ∆𝜆 = 𝑚 ∆𝑛 [1 − 𝑒𝑥𝑝 (
−2𝑑
𝑙𝑑
)], where ∆𝜆 is the wavelength shift, 𝑚 is the 
bulk sensitivity (nm RIU-1), ∆𝑛 is the difference of refractive index between the polymer film 
and the superstrate, 𝑑 is the thickness of the polymer film, and 𝑙𝑑  is the decay length of the 
evanescent plasmonic field. Since all of the spectral measurements were carried out in air, the ∆𝑛 
is simply the difference in refractive index between the polymer film (n=1.63) and air (n=1). The 
bulk sensitivity of the nanohole array sensor, 𝑚, was measured by exposing the sensor to water 
(n=1.33) and isopropanol (n=1.377) and recording the wavelength shift. The thickness of the 
polymer film, 𝑑 , was determined using ellipsometry. The decay length was calculated by 
rearranging the analytical expression to the form of 𝑦 = 𝑎 ∗ 𝑥, 𝑙𝑜𝑔 (1 −
∆𝜆
𝑚∆𝑛
) =  (
−2
𝑙𝑑
) ∗ 𝑑 where 
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the slope 𝑎 is equal to (
−2
𝑙𝑑
). In this new form, the measured wavelength shift was plotted against 
the thickness of the polymer film, and the data points were fitted with a linear fit. The decay 
length 𝑙𝑑 is calculated from the fitted slope. 
 
4.2.6 Spectral and colorimetric measurement of gold nanohole array sensor 
Spectral measurements were done using a multispectral imaging set up, described previously in 
Chapter 3, Section 3.2.2. 
 
4.2.7 Preparation of Cytochrome P450 and relevant reagents 
All the reagents for Cytochrome P450 2J2 (CYP2J2) and Cytochrome P450 reductase (CPR) 
were prepared by our collaborator, Professor Aditi Das’ lab (Department of Comparative 
Biosciences, UIUC). The stock concentration of CYP is 17.09 μM suspended in 0.1 M solution 
of potassium phosphate buffer. The stock concentration of CPR is 3.88 μM suspended in 10 mM 
potassium phosphate and 10 mM sodium chloride buffer. The buffer solution is 10 mM 
potassium phosphate buffer. For potassium cyanide experiment, the stock concentration of 
Cytochrome P450 (CYP121) is 10 μM suspended in 1X phosphate buffer solution (PBS). The 
stock concentration of KCN is 1 M suspended in 1X PBS.   
 
4.2.8 Preparation of nanohole array sensor 
Au nanohole array sensors were first cleaned with isopropanol, water, and isopropanol rinse and 
dried with a N2 gun. Following the rinse, the sensor was cleaned with O2-plasma for one minute 
at 50% power (Make and Model). Once the sensor was cleaned, a PDMS film with four micro-
wells (~40 microliters in volume) were bonded to the sensor using a stamp-and-stick method 
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with UV-curable adhesive. The PDMS substrate was then immersed in 10 mM MUA solution 
(70% or 100% ethanol) for 24 hours at room temperature. 
 
4.2.9 Immobilization of Cytochrome P450 and secondary binding to Cytochrome P450 
Cytochrome P450 was immobilized on the surface of the sensor using EDC coupling with the 
immobilized MUA layer. Approximately 40 microliters of a final concentration of 7.998 μM 
Cytochrome P450 and 10 mM EDC was injected into each microwell and was incubated for one 
hour at 37 degrees Celsius incubator. Following the incubation, the excess solution was left and 
the individual wells were rinsed with Milli-Q water and dried with N2 gun (note that Milli-Q 
water was used to remove excess salts from depositing on the surface). After the immobilization 
of Cytochrome P450, 40 microliters of Cytochrome P450 reductase was injected into each well 
and incubated for one hour at room temperature. After the incubation of Cytochrome P450 
reductase, the excess solution was removed and the individual wells were rinsed with Milli-Q 
water and dried with N2 gun. 
 
4.2.10 Immobilization of Cytochrome P450 and exposure to KCN 
40 μL of the mixture of 10 μM Cytochrome P450 102 (CYP102), 150 mM KCl, and 10 mM 
EDC was injected into each of the micro wells and incubated for one hour at 37 °C incubator. 
Following the incubation, the excess volume of the mixture was aspirated and the micro wells 
were rinsed with 1X PBS and dried with N2 gun. Following the rinsing step, the following 
concentrations of KCN were injected into each of the micro wells: 10 mM (Well 1), 2 mM (Well 
2), 0.2 mM (Well 3), and 1X PBS only (Well 4, control). The KCN-treated micro wells were 
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incubated for thirty minutes at room temperature. Following the incubation, the excess volume of 
the KCN solution was aspirated, rinsed with 1X PBS, and dried with N2 gun. 
 
4.3. Results and discussion 
4.3.1 Measurement of decay length of gold nanohole array sensor 
Layer-by-layer deposition of polyelectrolyte film provides a robust method of controlling 
thickness of a material with known refractive index. The process is straightforward, albeit 
tedious, requiring repeated immersion of the sensor into the solution of polycationic and 
polyanionic molecules. Figure 4.1 shows the schematic of the layer-by-layer deposition process. 
We chose poly(allalamine) (PAH) and poly(sodium 4-styrenesulfonate) (PSS) based on 
established protocols that were suitable for the type of characterization we were performing.[63], 
[64] However, other cationic and anionic polyelectrolytes such as poly(L-lysine), 
poly(diallyldimethylammoniumchloride), sulfonated poly(styrene) have been utilized to form the 
polyelectrolyte films.[65], [66] Depending on the application, different species of poly cation 
and anion electrolytes may be preferred and may be another way to control the surface property 
and the bulk property of the film such as porosity, density, wettability, etc. Given the simplicity 
of the method and the minimal number of reagents, the layer-by-layer deposition is one way to 
localize or immobilize the relevant molecules to bind on the surface of the sensor. Currently, the 
commercial surface plasmon resonance system BIACore utilizes a similar molecule called 
dextran.[67], [68] In the case of dextran, a linker molecule (e.g. hydroxyalkanethiol) is initially 
immobilized on the surface, and the dextran molecule is chemically linked to the linker 
molecule. Once immobilized, the dextran molecules are further modified with bromoacetic acid 
to form carboxylic groups, which can be used to react to form covalent linkage for further 
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attachment. Since the deposition is performed manually, there will always be inconsistency in 
the immersion, rinsing, drying, and material, especially with the increasing number of layers. 
Moreover, the acidic condition of PSS solution is known to detrimental to the gold surface. 
Therefore, given the constraints, the number of layers is limited to tens of layers. 
 Figures 4.2 A&B show the representative transmission spectra measured and the 
corresponding peak wavelength shift after every two layers of LbL deposition. Figures 4.2 C-E 
show the corresponding colorimetric images before LbL deposition and after deposition of layers 
4 and 8. For the calculation of decay length, ten layers of the polymer film were measured to 
have an average thickness of 18.2 nanometers with a standard deviation of 4.3 nanometers 
(number of spots measured = 4). Therefore, one polymer film layer has an estimated thickness of 
1.82 nanometers, which is consistent with values reported in literature at 1-1.5 nanometers per 
layer.[58] With the thickness of the polymer film determined, the decay length of the gold 
nanohole array sensor was calculated to be between 120 – 200 nanometers (number of samples = 
3). This range of decay length for nanohole array sensor is consistent with the reported values on 
similar nanohole array sensors (see Table 4.1).[58], [69] Moreover, we estimated the decay 
length of the nanohole array sensor by depositing ten nanometers of silicon dioxide (n= 1.516). 
Using the same analytical expressions, the calculated decay length based on the deposition of a 
known thickness of silicon dioxide has an average of 193 nanometers with a standard deviation 
of 9.6 nm (number of samples = 2). The calculated values of decay length fit well with the 
known decay length of localized surface plasmon resonance ( 𝑙𝑑 ~ 5-60 nanometers) and 
propagating surface plasmon resonance (𝑙𝑑~ 200-300 nanometers).[58] 
The decay length of the evanescent plasmonic field is a crucial parameter to characterize 
for nanohole array sensor since it defines the limit of the sensing distance away from the surface 
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of the sensor. While the decay length of localized surface plasmon resonance (LSPR) sensors 
and surface plasmon resonance (SPR) sensors have been reported, sensors based on nanohole 
array have not been as well thoroughly characterized. Moreover, given the three-dimensional 
geometry of the nanohole structure, it is unclear which interface (e.g. the edge of the nanohole or 
the inside of the nanohole) is responsible for sensing. While other techniques such as near-field 
scanning optical microscopy (NSOM) allows for observations of light interaction nanometers 
from the surface, it requires complicated equipment and large amount of scanning time due to 
small field of view. Therefore, layer-by-layer deposition of polyelectrolyte film, given the 
simplicity in the procedure and materials required, was chosen as a method for interrogating the 
decay length of the evanescent plasmonic field on the surface of the nanohole array. 
 
4.3.2 Contact printing poly-L-lysine on gold nanohole array sensor  
Polydimethylsiloxane stamps with an array of circular post features (500 μm diameter with 500 
μm periodicity) were fabricated using stereolithography and soft lithography for micro contact 
printing (Figure 4.3). After the stamps were inked with a solution of poly-L-lysine (1 mg/mL), 
the stamps were immediately brought into contact with the surface of the gold nanohole array 
sensor. The deposition of the poly-L-lysine (PLL) on the surface of the gold nanohole array 
sensor was readily observable in both spectral and colorimetric characterizations.  Figure 4.4 
shows a microscope image of an array of PLL spots contact printed on the surface of a gold 
nanohole array sensor. The boundary of each spot was distinguishable from the bare surface 
based on the colorimetric information. There was no significant “coffee ring” effect, which is an 
advantage of the micro contact printing technique over the liquid droplet spotting techniques. In 
transmission mode, the region where PLL has been deposited appears yellow in contrast to the 
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green color of the bare regions of the sensor. Based on the scanning electron microscope (SEM) 
images of the region where PLL was deposited, there was no visible deposition of PLL inside the 
individual nanoholes (Figure 4.5). That is, the nanoholes with PLL appeared to be empty at least 
from the top down view. The only difference between the SEM images from the PLL region and 
bare region is that the PLL region appeared brighter than the bare region, which may be due to 
the presence of non-conducting dielectric material (in this case a thin layer of PLL) in SEM 
imaging. Based on the spectral and colorimetric calibration from previous experiments, the 
colorimetric difference of the regions with poly-L-lysine has been quantified and translated into 
a peak wavelength shift of 20.8 nanometers. That was consistent with the actual spectral 
characterization; the region where poly-L-lysine has been deposited showed peak wavelength 
shifts ranging from 20 nanometers to 24 nanometers compared to the peak wavelength of the 
bare sensor in air (Figure 4.6). Over several trials of the experiment, the colorimetric to spectral 
translation has been shown to be consistent, although not entirely accurate, in predicting the 
magnitude of peak wavelength shift. While poly-L-lysine is a good model for preliminary 
demonstration of contact printed deposition of biomolecules on the surface, it is not robustly 
attached. The adhesion of poly-L-lysine on the surface of gold nanohole array sensor is through 
adsorption only, and accordingly, it can be removed from the surface by a simple rinse with 
deionized water.  
 
4.3.3 Patterning the deposition of layer-by-layer polymer film 
In addition to determining the decay length of the nanohole array sensor, the layer-by-layer 
deposition method was utilized to pattern by contact printing different alkanethiol molecules. We 
utilized 6-mercapto-2-hexanol (SCH2(CH2)4CH2OH) (MCH) and decanethiol 
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(CH3(CH2)8CH2SH), which has a hydroxyl terminal group and a methyl terminal group 
respectively. In the layer-by-layer process, a linker molecule is required to initiate the deposition 
of the first polymer layer. Hence, the presence of DBTA with the carboxyl terminal group with 
negative charge allows for the electrostatic interaction-based attachment of PAH, which is 
positively charged in solution. However, by using hydroxyl or methyl-terminated groups, there is 
no negatively charged groups for the PAH polymer film to attach to thereby prohibiting the 
growth of the polymer film. Moreover, the MCH and the decanethiol linkers protect the bare 
surface of the gold film of the nanohole array sensor. Since the bare gold film itself is 
sufficiently negatively charged, PAH can directly bind to the surface.[58] The comparison 
between DBTA-immobilized and bare surface of nanohole array sensor in the LbL deposition of 
the polymer film revealed that DBTA is not necessary and the residual negative charge of the 
gold surface is sufficient for LbL deposition. However, by selectively blocking the attachment of 
the PAH layer, micro scale patterns can be created using the MCH and the decanethiol linkers 
(Figure 4.7). 
MCH and decanethiol were effective in blocking the growth of polymer film compared to 
the control sample with DBTA. As shown in Figures 4.8 and 4.9, in a deposition of 10 layers of 
polymer film (which corresponds to approximately 20 nanometers thick), the MCH and 
decanethiol immobilized regions of the gold nanohole array sensor had peak wavelength shift of 
40.35 nanometers and 73.14 nanometers respectively. In comparison, the DBTA-immobilized 
region had peak wavelength shift of 120.21 nanometers after 10 layers of polymer film. This 
difference in the lack of polymer film growth on the sensors treated with MCH and decanethiol 
was also observed in colorimetric images in which there were minimal changes in color 
appearance after the deposition of 10 layers (Figure 4.10).This demonstrated that by changing 
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the end group of the linker, the deposition of the first layer of polyelectrolyte can be impeded or 
enhanced, which can used as a mechanism for patterning. It must be noted that neither the 
decanethiol nor MCH completely prevented the growth of the polyelectrolytes on the surface of 
sensor. 
 
4.3.4 Layer-by-layer incorporation of glucose sensing assay 
In an exploratory study, we attempted to incorporate the reagents for glucose sensing assay into 
the solution of PSS polymer in order to immobilize the relevant enzymes near the surface of the 
nanohole array sensor. The solution of glucose oxidase and peroxidase was mixed with PSS 
polymer solution because the reagents did not react with the polymer solution. A total of ten 
layers of polymer film was deposited on the gold nanohole array sensors with a control sensor 
with no enzymes incorporated. Similar to the previous LbL experiments, there was a step-wise 
increase in the peak wavelength shift in both transmission and reflection modes as the number of 
layers of polymer film increased, also observable colorimetrically. Following the LbL 
deposition, 5 μL of equivalent concentrations of glucose solution and glucose solution with the 
colorant was placed on the surface of the nanohole array sensor and incubated at room 
temperature in dark condition for 30 minutes. 
 There was a marked difference in the optical response between the glucose solution 
deposition and glucose solution plus the colorant deposition on the nanohole array sensor (Data 
not shown). First, the difference between the two conditions was spectrally resolvable, with the 
glucose solution plus the colorant deposition resulting in a larger peak wavelength shift than that 
of the glucose solution only. Moreover, colorimetrically, the regions with the glucose solution 
and colorant produced a brownish color, indicating the successful oxidation of the colorant 
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producing a visible color change. This also indicated the viability of enzymes, which withstood 
the immersion condition of LbL deposition process. However, a further detailed study is required 
to quantify the origin of peak wavelength shift from the colorant versus the presence of enzymes. 
 
4.3.5 Detection of Cytochrome P450 interaction with inhibitor and co-enzyme 
Cytochrome P450 (CYP) catalyzes the oxidation of a large number of organic substrates, which 
include hydrophobic endogenous molecules such as lipids and xenobiotic molecules such as 
drugs.[70] The reaction catalyzed by CYP is given as: RH + O2 + NADPH + H
+ -> ROH + H2O 
+ NADP+.[71] RH is the organic substrate and ROH is the oxidized substrate after the reaction. 
NADPH and NADP+ are the reduced and oxidized forms of nicotinamide adenine dinucleotide 
phosphate respectively. In this reaction, one oxygen atom from the dioxygen molecule is 
incorporated into the substrate (RH) while the other oxygen atom is reduced to a molecular of 
water. The required electrons from the reduction step are supplemented by the reduced 
NADPH.[72] The significance of CYP is the involvement of the protein in the metabolism of 
drugs, vitamins, and other xenobiotic substrates, which in turns influences bioactivation, drug-
drug interactions, and toxicity. Moreover, disruptions in the genetic code or function of CYP 
proteins can result in resistance to life-saving drugs such as statin, various liver diseases, and 
hypervitaminosis D.[73] 
  The interaction of CYP with co-enzymes or substrates have been studied using 
absorbance spectroscopy traditionally and localized surface plasmon resonance spectroscopy 
(LSPR) using silver nanoparticles recently.[74] While both methods are sensitive enough to 
detect the changes with the interaction of CYP, both require relatively large amounts of proteins 
to present for bulk measurement. Moreover, LSPR-based method has relatively low spectral 
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sensitivity and low decay length, limiting the quantity and the size of protein to be studied.[75], 
[76] In this exploratory study, we utilized a nanohole array sensor that has a spectral sensitivity 
of approximately 300 nm RIU-1 and a decay length of approximately 200 nm. Moreover, the 
nanohole array sensor is deposited with gold (Au) that is more inert and resistant to oxidation 
compared to silver (Ag). Since the nanohole array sensor allows for refractive-index sensitive 
extraordinary transmission (EOT), the spectral measurement is simplified with normal incident 
illumination and collection in transmission and reflection modes.   
 
4.3.6 Immobilization of Cytochrome P450 on Au nanohole array sensor 
We utilized a well-established method of immobilizing the first protein, Cytochrome P450 
(CYP), by using a bifunctional linker and EDC coupling (Figure 4.11). The bifunctional linker 
was an alkanethiol, which consists of an alkyl chain with a thiol group one end and a tail group. 
In this case, we used 11-Mercaptoundecanoic acid (MUA) as the alkanethiol that has a carboxyl 
group as the tail group. The relative long length of the alkyl chain allows for stable formation of 
self-assembled monolayer (SAM) on the surface of the Au nanohole array sensor. The SAM was 
formed on the sensor by immersion in a 10 mM solution of MUA for 24 hours. A comparison of 
the peak wavelengths before and after MUA immobilization showed an average shift of 0.99 nm 
(S.D. 0.18 nm, n=4) (Figure 4.12). This low shift is expected due to the single layer of molecules 
with a relatively low refractive index. Once the sensor has been functionalized with MUA, the 
carboxyl group at the tail end of MUA was activated using 1-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) chemistry. The carboxylic acid reacts with EDC to form an active ester, 
which can then react with an amine group from a protein. Using this cross-linking scheme, the 
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CYP protein is tethered or bound to the MUA layer by linking an amine group from the protein 
to the carboxylic group of the MUA.  
 An alternative cross-linking scheme requires Sulfo-N-Hydroxysuccinimide (Sulfo-NHS) 
that might be more appropriate for the Au nanohole array sensor and the reagents involved. In 
this scheme, the initial active ester formed by EDC can further react with Sulfo-NHS to form a 
more stable amine-reactive Sulfo-NHS ester that is more efficient at physiological pH (EDC 
coupling is most efficient at acidic conditions, pH ~ 4.5). This method should be considered 
because currently we mix the EDC solution and CYP solution together prior to the injection into 
the wells on the sensor. This must be done because EDC coupling is not temporally stable and 
therefore CYP must be close by to be immobilized just after EDC coupling. This is not ideal 
however because CYP itself contains both amine and carboxyl groups and with the presence of 
EDC, CYP’s can be cross-linked to each other. However, with the usage of NHS or Sulfo-NHS, 
the EDC-NHS solution can be injected and incubated in the wells separately and prior to the 
CYP solution. This will eliminate the chance of CYP cross-linking and given the higher 
efficiency in physiological pH, will result in higher levels of CYP immobilization. 
 Even the low efficiency of EDC coupling, the immobilization of CYP can be observed on 
the spectral measurement, which showed an average peak wavelength shift of 15.7 nm (S.D. 
3.38, n=4). This magnitude of peak wavelength shift is to be expected given the formation of a 
protein layer (56 kDa)[77] on the surface of the sensor with a refractive index of approximately 
1.4. The formation of mono layer or poly layer of protein was not confirmed although it is likely 
that multiple layers of protein are present due to the potential of CYP cross-linking from the 
mixture of EDC and CYP protein in the same solution. Again, if the alternative cross-linking 
scheme with NHS or Sulfo-NHS is utilized, the average peak wavelength shift after 
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immobilization of CYP is more likely to be from a single layer of immobilized protein with the 
possibility of CYP cross-linking minimized. In addition, the peak wavelength shift may be lower 
due to the reduction in the amount of protein present from minimizing cross-linking; however, 
there’s a chance that the shift may be similar since NHS-based coupling is more efficient at 
physiological pH. 
 
4.3.7 Interaction of Cytochrome P450 with inhibitor and co-enzymes 
Cytochrome P450 (CYP) and Cytochrome P450 reductase (CPR) are co-enzymes in the process 
of oxidation and the binding of the two enzymes are required for the completion of the catalysis 
process.[78] Given that they are both membrane bound, typically on the cytosolic side of the 
endoplasmic reticulum, the binding between the two enzymes are side-by-side insertion.[71] The 
function of cytochrome P450 (CYP) is the catalysis of the oxidation of various substrates and its 
function can be disrupted by trapping agents such as glutathione or potassium cyanide.  
 The room-temperature incubation of CPR with the immobilized CYP did not show a 
significant peak wavelength shift (a mean shift of 15.985 nm with a standard deviation of 4.26 
nm, n=4) compared to that of bare substrate in the transmission mode (Figure 4.12). Compared to 
the peak wavelength shift after the immobilization of CYP, the peak wavelength shift after CPR 
binding is approximately 0.2 nm, which is on the order of the noise. This minimal shift is 
corroborated by the time-continuous measurement in solution, which also showed no appreciable 
increase in peak wavelength, over the course of one hour (Figure 4.13). In a comparative study 
using a solution-based assay, the binding of CPR to CYP was determined by spectroscopic 
titrations. The change in absorbance from 390-417 nm wavelengths was measured with 
increasing concentrations of CPR (0-3.3 μM). The average Kd of binding was 2.3 μM ± 0.46 μM. 
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The solution-based binding and surface-based binding have distinct differences with one being 
the limit of mass transport. In the case of surface-based binding, the binding event occurs near or 
on the surface of the sensor since one of the binding partners is immobilized to the surface. 
Therefore, the other binding partner is required to travel to the surface in order to the binding 
event to occur. In the case of micro well incubation, the method of travel is through diffusion, 
which is driven by a concentration gradient near the surface where the travelling binding partner 
is depleted since it binds to its immobilized binding partner. However, the diffusivity of the 
molecule is also determined by the hydration radius (proportional to its size), interaction with the 
solvent molecules, and temperature. In the case of simple incubation, the mass transport to the 
surface may be limited, requiring long incubation time to reach the saturation point. In this 
instance of CPR to CYP binding, the incubation was done at room temperature only one hour. 
This was done in order to continuously record the transmission spectrum of the sensor as the 
binding event proceeds in solution. 
 In order to eliminate the limitation of mass transport, the concentration of the CPR 
utilized in the experiment can be increased to the 1:1 ratio instead of the 1:3 ratio from this 
experiment or have the concentration of CPR in excess. While this may alleviate the limitation of 
mass transport, this may also lead to non-specific binding which is undesirable. Another option is 
to integrate microfluidics in order to transport and localize the CPR protein much closer to the 
surface of the sensor and the immobilized CYP protein. The height of the microfluidic channel is 
30 μm compared to the tens of millimeters of the height of the micro wells. Moreover, the mass 
transport is enhanced with the rate of flow and the stock concentration of solution in 
microfluidics, which can quickly replenish the depletion of protein as the binding event 
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proceeds. Finally, microfluidics allow for time-continuous measurement while minimizing loss 
of volume due to evaporation. 
 In a similar experiment, the immobilized CYP102 was exposed to a trapping agent, 
Potassium Cyanide (KCN) at different concentrations (10 mM, 2 mM, and 0.2 mM) about the KD 
concentration of approximately 2 mM (Figure 4.14).  The immobilization of CYP102 itself 
induced a peak wavelength shift of approximately 7 nm after one hour incubation at 37°C. 
Following the CYP102 immobilization, the KCN was incubated for 30 minutes at room 
temperature at relatively higher concentrations compared to that of CYP102. In transmission 
mode, the peak wavelength shift decreased slightly with increasing concentrations of KCN 
(0.895 nm, 10 mM), (0.36 nm, 2 mM), (1.075 nm, 0.2 mM), and (1.605 nm, 0 mM). In that case, 
a small change in refractive index was expected since KCN itself does not have a large refractive 
index. Moreover, the incubation at room temperature at 30 minutes was sufficient for binding or 
for interacting since the concentration of KCN used was quite high and the molecule itself was 
small compared to a protein. 
 
4.3.8 Choice of nanohole array sensor for CYP interaction detection 
 In terms of utilizing the nanohole array sensor for this type of sensing application, the key 
areas are the initial immobilization of the linker molecule, the immobilization of the recognition 
molecule (in this case, Cytochrome P450), and the exposure of the target analyte to the 
recognition molecule (in this case, KCN or Cytochrome P450 reductase). The choice of the 
linker molecule should be based on the type of coupling reaction, which itself is dependent on 
the particular composition of the recognition molecule and the target analyte. For example, the 
EDC-NHS coupling of carboxyl group and amine group is a mature robust method for 
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immobilizing amino-acid based molecules. An alternative is to use the strong binding of biotin 
and avidin (or streptavidin) to immobilize a recognition molecule. One thing to keep in mind in 
the choice of the immobilization of the recognition molecule is the overall distance of the surface 
of the sensor. The evanescent field decays exponentially away from the surface and the decay 
length of nanohole array sensor is between 100 nm and 200 nm. Therefore, the recognition 
molecule cannot be displaced farther from the surface of the sensor and/or must not be larger 
than the decay length. Finally, microfluidic-based exposure of the target analyte to the 
recognition molecule is highly recommended since it will help overcome the limitations of the 
mass transport, allowing for faster detection of the target analyte compared to that of the 
diffusion-based exposure. 
 Compared to other types of sensors, the nanohole array sensor benefits from the 
simplicity of fabrication and measurement in the detection of the interaction of Cytochrome 
P450 with trapping agent and a co-enzyme. Moreover, in particular for the detection of the 
Cytochrome P450 with Cytochrome P450 reductase, the nanohole array sensor with a large 
decay length can be used to detect the presence of two large proteins. However, given the current 
hardware for measurement, the spectral resolution on the detection is still low (~0.5 nm) and the 
stability of the illumination source in transmission mode is low. Both of these limitations prevent 
the sensor from reliably detecting the binding events that result in small refractive index changes.  
 
4.4 Conclusion 
Understanding the role of cytochrome P450 and its interaction with trapping agents and co-
enzymes is essential for elucidating the mechanisms behind bio-activation and drug metabolism. 
Here we utilized nanohole array sensor with immobilized Cytochrome P450 (CYP2J2 and 
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CYP102) through EDC-NHS coupling to 11-Mercaptoundecanoic acid. The exposure of CYP to 
Potassium Cyanide (KCN), a trapping agent, and to Cytochrome P450 reductase (CPR), a co-
enzyme, showed a weak interaction or binding between these molecules. We propose utilizing a 
microfluidic-based approach to expose the target analyte to the recognition molecule to 
maximize the interaction between the two in order to induce a large refractive index change. We 
demonstrate the potential of nanohole array sensor to monitor the interaction of Cytochrome 
P450 with trapping agents and co-enzyme. 
 
  
 93 
4.5 Figures and tables 
 
Figure 4.1. Schematic of the layer-by-layer (LbL) deposition process. (Top to bottom) Gold 
nanohole array sensor treated with DBTA is immersed in Poly(allylamine) (PAH) solution for 
five minutes. After the PAH immersion, the sensor is rinsed with deionized water and dried with 
Nitrogen gun for two times. Once dried, the sensor is immersed in PSS solution for one and a 
half minutes. After the PSS immersion, the sensor is rinsed with deionized water and dried with 
Nitrogen gun for two times. The process is repeated until a desired number of layers is obtained. 
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Figure 4.2 Spectral response of gold nanohole array sensor to layer-by-layer deposition of 
polyelectrolytes. (A) Transmission spectra of gold nanohole array sensor shows red-shifting of 
the maximum transmission peak as the number of layer increases from zero to eight. (B) The 
peak wavelength shift of the maximum transmission peak is plotted as a function of the number 
of layers. (C, D, & E) Colorimetric transmission microscope images of the gold nanohole array 
sensor shows the increasing red color appearance of the transmitted light at zero, four, and eight 
layers of polyelectrolytes, respectively. 
 
 95 
 
Figure 4.3 Schematic illustration of the micro-contact printing process. 
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Figure 4.4 Micro-contact printing of poly(L-lysine) on gold nanohole array sensor. (A) 
Microscope image of the polydimethylsiloxane (PDMS) stamp with 500-micron diameter 
circular post with 500-micron periodicity. (B) Bare PDMS stamp placed over the gold nanohole 
array sensor not in contact. (C) Bare PDMS stamp placed in direct contact with the surface of the 
gold nanohole array sensor by applying mechanical pressure on the stamp. (D) Square array of 
poly(L-lysine) deposited on the surface of the gold nanohole array sensor by micro contact 
printing. The poly(L-lysine) deposited areas appear bright green. 
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Figure 4.5 Scanning electron microscope (SEM) characterization of the poly(L-lysine) deposited 
region. (A) Transmission microscope image of the poly(L-lysine) deposited region via micro 
contact printing. (B) 400× magnification SEM image of the boundary between bare and poly(L-
lysine) deposited regions, showing a distinct contrast in intensity. (C) 15k× magnification SEM 
image of the individual nanoholes in the region deposited with poly(L-lysine) 
 
 
Figure 4.6 Spectral and colorimetric intensity comparison between bare and poly(L-lysine) (PL) 
deposited regions on the gold nanohole array sensor. (A) Transmission spectra of the bare and 
the PL regions on the gold nanohole array sensor, showing the shift of the peak wavelength to 
longer wavelengths in the PL region. (B & C) Transmission intensity differences between the 
bare and the PL-deposited regions at 548 nm and 600 nm allow for visible distinction between 
the two regions 
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Figure 4.7 Schematic illustration of the patterning of two different alkanethiols, decanethiol and 
dithiodibutyric acid (DBTA) by contact printing and immersion. 
 
 
Figure 4.8 Reflection spectra of nanohole array sensors treated with DBTA (A), Decanethiol (B), 
and MCH (C). The spectra were taken after the deposition of 0, 2, 4, 6, 8, and 10 layers of LbL 
deposition. 
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Figure 4.9 Peak wavelength shift of nanohole array sensors treated with DBTA, Decanethiol, and 
MCH. 
 
Figure 4.10 Colorimetric images of the MCH-treated nanohole array sensor in transmission and 
reflection mode. The shown images are taken before the LbL deposition treatment (top row) and 
after the deposition of ten layers (bottom row). 
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Type of sensor Periodicity (nm) Decay length (nm) Reference 
EOT (Au) 350 120-200 Present study 
EOT (Au) 1000 140 [58] 
SPR on Au 
nanohole array 
1000 200-300 [58] 
Gold film n/a 200-300 [58] 
LSPR 
(Nanoparticles) 
n/a 5-15 [75], [79] 
Table 4.1 Comparison of the decay length between different types of surface plasmon resonance-
based sensors. EOT: Extraordinary Transmission, SPR: Surface plasmon resonance, LSPR: 
Localized surface plasmon resonance 
 
 
Figure 4.11. Schematic for detection of Cytochrome P450 interaction with trapping agent and co-
enzyme. Cytochrome P450 is immobilized to the surface of the Au sensor through EDC coupling 
to MUA linker. The immobilized Cytochrome P450 is then exposed to trapping agent, KCN, and 
to a co-enzyme, CPR. 
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Figure 4.12 Transmission peak wavelength shift of the nanohole array sensor in response to the 
binding of MUA, EDC-coupled protein, and the exposure to CPR (n=4). 
 
Figure 4.13 (Left) Continuous time measurement of the reflection spectrum of the nanohole array 
sensor during the incubation of CPR at room temperature. A spectrum was taken every five 
seconds for one hour for a total of 720 spectra. (Right) The peak wavelength shift of the 
reflection spectrum during the incubation of CPR at room temperature. 
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Figure 4.14. Transmission spectrum shift of the nanohole array sensor in response to the binding 
of MUA, EDC-coupled protein, and the exposure to KCN. 
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CHAPTER 5: REFRACTIVE INDEX SENSING AND SURFACE ENHANCED RAMAN 
SPECTROSCOPY ON NANOHOLE ARRAY SENSOR 
 
5.1 Introduction 
Nanohole array sensors have been demonstrated for extraordinary transmission, which is 
mediated by the presence of surface plasmon at the interface between a noble metal and a 
dielectric at the edge of the hole structure. Such sensors have been utilized for refractive index 
sensing[23], enhanced fluorescence[80], and surface-enhanced Raman scattering[81], [82]. More 
recently, nanohole array sensors have been optimized for Raman scattering and light 
transmission, showing deeper holes provide higher enhancement factor. [83], [84] The 
dependence of the enhancement of Raman signal on the nanohole array of on the geometrical 
parameter of the nanohole array sensor has been studied as well.[85] However, the differences 
between the method of measurement and the geometrical parameters of the different nanohole 
array sensors make it difficult to extract the underlying mechanism for the enhancement of 
Raman signal as well as the sensing of refractive index change. 
 In this chapter, I present the exploratory study of surface-enhanced Raman spectroscopy 
as well as refractive index sensing on a silver-deposited nanohole array sensor. The goal of the 
study was to simultaneously measure the refractive index change and the Raman spectrum from 
an area of the sample that is deposited on the nanohole array sensor. This dual function would 
allow for the identification of an unknown sample with specificity (provided by the Raman 
spectrum) and sensitivity (provided by the refractive index change) on one sensor only. While 
the presented data is preliminary in nature, the results so far indicate that the nanohole array 
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sensor can provide a moderate enhancement of Raman signal (EF ~ 107) and refractive index 
change sensitivity (S ~ 383 nm RIU-1). 
 
5.2 Materials and methods 
5.2.1 Reagents 
Sucrose was purchased from Sigma Aldrich and diluted using Milli-Q water to prepare different 
concentrations. 99% 1,2-bis(4-pyridyl)ethylene (BPE) was purchased from Sigma Aldrich and 
diluted in methanol solution. 
 
5.2.2 Fabrication of nanohole array sensor 
The sensors are fabricated in the same manner as the previous nanohole array sensors used in the 
previous chapters. 90 nm of silver and 9 nm of titanium was deposited on these particular 
sensors.  
 
5.2.3 Treatment of 1,2-bis(4-pyridyl)ethylene on nanohole array sensor 
5 mM bulk solution of 1,2-bis(4-pyridyl)ethylene  (BPE) was prepared using methanol as the 
solvent. The nanohole array sensor was immersed in a bath of BPE solution overnight. After the 
immersion, the sensor was cleaned with methanol solution and dried with nitrogen gun. 
 
5.2.4 Spectral and colorimetric measurement of the nanohole array sensor 
An upright brightfield microscope (Nikon) was used to illuminate the sensor at normal incidence 
to the surface and the transmitted and reflected light was collected using a 20x objective and 
measured using a spectrometer (Ocean Optics). The measured transmitted and reflected spectra 
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of the sensor were normalized by the spectrum of the light source and the exposure time 
accordingly.  
 
5.2.5 Raman spectroscopy measurement of the nanohole array sensor 
Raman spectroscopy measurement was performed using a commercial system (Ranshaw) in the 
reflection mode with a 20x objective lens for focusing the incident laser line and collecting the 
Raman signals. The excitation wavelength was 633 nm and the acquisition time was set to 10 
seconds. The measured wavenumber range was from 500 to 1800 cm-1. 
 
5.2.6 Finite-difference time-domain simulation of the nanohole array sensor 
The transmission and the reflection spectra of the nanohole array was simulated using a 3D 
finite-difference time-domain (FDTD) method commercial software package (Lumerical 
Solutions). The illumination source was a transverse magnetic (TM) polarized electromagnetic 
wave, propagating normal incidence to the sensor. The boundary condition for the x and y 
directions was periodic and the z direction was set to perfectly-matched layer (PML). 
 
5.3 Results and discussions 
5.3.1 Refractive index sensing on nanohole array sensor 
The fabrication of the nanohole array sensor is based on nanoreplica molding which allows for 
rapid fabrication of large-area sensor in a single step. Since the area of the replication mold 
limits the area of sensor, we have been able to fabricate wafer-scale robust sensors with high 
fidelity. Moreover, with serial positive and negative replication, we can minimize the 
degradation of the master replication mold by fabricating exact replicas of the master mold to use 
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for further replications. For an optimal set of physical dimensions (e.g. periodicity, hole depth, 
hole diameter) for the nanohole array, nanoreplica molding is the ideal fabrication method for 
mass production of sensors with little or no deviations of performance between the sensors. 
 Figure 5.1 shows the scanning electron microscope images of the nanohole array sensor 
after the deposition of 90-nm silver (Ag) and 9-nm titanium (Ti) for adhesion. The physical 
dimensions of the nanohole array are 350-nm periodicity, approximately 200-nm hole diameter, 
and 200-nm hole depth. From the cross-section view, a thick uniform layer of the noble metal 
can be observed on the surface of the UV-curable polymer layer following the deposition of Ag 
and Ti. Moreover, on the interior of the holes, small spherical particles (diameter < 100 nm) can 
be observed adhered to the sidewalls of the individual holes. It should be noted that the holes are 
blind holes, not through holes; that is, the holes have a definite depth. Therefore, there is also a 
layer of Ag film at the bottom of the hole. 
 Refractive index sensing on the nanohole array sensor has been characterized in both 
transmission and reflection modes. A broad spectrum of light (450 nm - 650 nm) was illuminated 
at normal incidence to the surface of the sensor and the transmitted light and the reflected light 
were collected using a spectrometer. Figure 5.2 shows the refractive index sensing in the 
transmission mode using different concentrations of sucrose solution (0% - 40% v/v) with known 
refractive indices. As the concentration of the sucrose solution increases, the refractive index of 
the superstrate increases accordingly. Correspondingly, there is a red shift of the surface plasmon 
resonance observed around 460 nm and 560 nm as peak transmission wavelengths and around 
525 nm as dip transmission wavelength. The maximum transmission intensity was approximately 
6.5 percent for 460 nm and 3.5 percent for 560 nm peak transmission wavelengths. Interestingly, 
the maximum transmission intensity for both peak wavelengths decreased with the increase in 
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the refractive index of the superstrate. The results from finite-difference time-domain simulation 
showed similar transmission spectra with peak transmission wavelengths around 460 nm and 560 
nm, and a dip transmission wavelength around 525 nm. Likewise, all three transmission 
wavelength showed a corresponding red shift with the increase in the refractive index of the 
superstrate. In the simulated results, there was no significant change in the intensity of the 
maximum transmission for 460 nm peak wavelength and 525 nm dip wavelength but there was a 
decrease in the intensity of the transmission for 560 nm peak wavelength. Because the shift of 
peak wavelength is within the visible wavelength range, the changes in the peak wavelengths 
translated to differences in colorimetric appearance, as shown in figure 5.3. With increasing 
refractive index of superstrate, the transmitted light through the sensor appeared redder in 
appearance. Though the colorimetric changes can be quantified, the accuracy of the colorimetric 
sensing depends on the surface quality of the sensor, the stability of the illuminating light, and 
the resolution of the CCD camera.  
 Refractive index sensing can also be carried out in reflection mode within the visible 
wavelength range. The novelty of this sensor is that the same sensor can be used for refractive 
index sensing and, as we explain later, for surface-enhanced Raman Spectroscopy (SERS). In a 
typical SERS set up, the signal from the sensor can be collected in reflection mode. Therefore, it 
is important for the refractive index sensing to be usable in the reflection mode. In figure 5.4, we 
showed the reflection spectra of the nanohole array sensor as the refractive index of superstrate 
was increased by placing increasing concentrations of sucrose solution on the surface of the 
sensor. The experimental spectra showed two prominent dip wavelengths at 460 nm and at 560 
nm, close to the peak transmission wavelengths in the transmission mode. For both dip 
wavelengths, there was a red shift with the increase in the refractive index of the superstrate. In 
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addition, a plot of the peak wavelength shift versus the refractive index of the superstrate is 
shown in the Figure 5.5. By fitting a linear line through the data points, the sensitivity of the 
nanohole array sensor is 383.26 nm RIU-1, which is comparable to other nanohole array sensors 
with similar periodicity. In figure 5.4B, The FDTD simulated spectra revealed similar reflection 
spectra with corresponding dip wavelengths at 460 nm and 560 nm, which red-shifted with the 
increase in the refractive index of the superstrate. One of the main differences between 
transmission mode and reflection mode in refractive index sensing is the maximum intensity 
measured. Recall that in the case of transmission mode, the maximum intensity is less than seven 
percent. However, in the case of reflection mode, the maximum intensity reached 25 percent, 
which allowed for lower exposure time and/or lower intensity of illumination. The reflection 
mode may be ideal when working with samples that may be disrupted or destroyed when 
exposed to high intensity of illumination for a long duration. While a broad spectrum 
measurement can be used, the change of intensity at a single wavelength can be measured as well 
for refractive index sensing. 
    
5.3.2 Surface enhanced Raman spectroscopy on nanohole array sensor 
The assessment of the surface enhancement of the nanohole array sensor for Raman 
spectroscopy was carried out using a small molecule, 1,2-bis(4-pyridyl)ethylene (BPE). The 
nanohole array sensor was immersed in a solution of BPE, solubilized in methanol, overnight to 
form a self-assembled monolayer. Following the immersion step, the sensor was rinsed with 
methanol to remove unbound molecules and dried with a Nitrogen gun. The Raman spectrum of 
the BPE molecules was measured in air and in water, by placing a droplet of Milli-Q water on 
the surface of the sensor and covering with a glass slide. Figure 5.6 shows the recorded Raman 
 109 
spectra from the nanohole array sensor adsorbed with BPE in air (black line), in water (red line), 
and another SERS substrate, Klarite, adsorbed with BPE (blue line). The prominent peaks in the 
Raman spectrum of BPE are at 1637 cm-1, 1607 cm-1, 1342 cm-1, 1200 cm-1, and 1011 cm-1. The 
peaks correspond to vinyl C=C stretching vibration, C-C stretching and C-H in-plane bending, 
Ring in-plane deformation (Ring breathing), respectively.[86]  
 In this exploratory study, the surface enhancement of the nanohole array sensor for the 
BPE molecule is higher when covered with water than that of with air. The enhancement of the 
nanohole array sensor, compared to that of 100 mM BPE bulk solution, is estimated to be 107 in 
water and 106 in air. The enhancement factor, EF, is calculated as𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆×𝑁𝑅𝐸𝐹
𝐼𝑅𝐸𝐹×𝑁𝑆𝐸𝑅𝑆
 , where ISERS 
and IREF are the Raman intensity at a particular wavenumber and NSERS and NREF are the number 
of BPE molecules that are inside the focal volume of the illuminating light. Using a 20x 
objective, the given spot size is 6.06 microns with a focal length of 3 mm. For a 100 mM BPE 
bulk solution, the number of BPE molecules, NREF, is calculated to be 5.22 x 10
12. In case of the 
nanohole array sensor, the BPE molecules are immobilized on a surface. The surface area of one 
BPE molecule is given as 30 Å2 and within the spot size of the illuminating light, the number of 
BPE molecule, NSERS, is 7.13 x 10
7. 
 To determine the uniformity of the enhancement over the area of the nanohole array 
sensor, we measured the Raman spectra of BPE over an area of 1000 microns by 1000 microns at 
an increment of 100 microns. The spatial map of the intensity of Raman signal at 1200 cm-1 and 
1604 cm-1 is shown in Figure 5.7. Over the whole mapped area, the intensity of Raman signal at 
the two wavenumbers varied in the same way. As for uniformity, the lowest intensity and the 
highest intensity differed by a factor of two over the whole mapped area. Though it may be an 
artifact of the particular area of the sensor that was mapped, one diagonal half of the mapped 
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area showed higher intensity of Raman signal than that of the other diagonal half. One possible 
cause may be the relative flatness of the sensor where one half of the mapped area of the sensor 
may not be in the same focal plane as that of the other half. When the surface of the sensor is not 
the focal plane, then that may lead to inefficient laser excitation and collection, reducing the 
intensity of Raman signal measured.   
 
5.3.3 Simultaneous measurement of refractive index sensing and surface-enhanced Raman 
spectroscopy on nanohole array sensor 
The simultaneous measurement of refractive index sensing and surface-enhanced Raman 
spectroscopy is possible on a Raman spectroscopy set up with some adjustments. As posited in 
the refractive index sensing section, the intensity of reflected light at a fixed wavelength can be 
used to monitor the dip wavelength shift as the refractive index of the superstrate on the sensor 
changes. Of course, a priori calibration of the reflection spectra of the nanohole array sensor 
should be performed to establish the relationship between the reflected intensity and the change 
in refractive index. In a typical Raman spectroscopy system, laser wavelengths in the visible 
wavelength range are available, normally at 532 nm and 633 nm. In reflection mode, the 
intensity variations from both of those lasers can be used for refractive index sensing. Again, this 
is with the assumption that the Raman spectroscopy system operates in reflection mode. It is also 
conceivable that if the Raman spectroscopy system operates in transmission mode, a similar 
intensity-based refractive index sensing can be performed using the two laser wavelengths. One 
adjustment that is required for refractive index sensing to remove the filter that blocks the 
excitation wavelength. Note that the power and the exposure of the measurement should be 
minimized such that the reflected signal does not saturate the detector in the system. 
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 In this manner, the refractive index change and the Raman spectrum of an area of a 
sample deposited on the sensor can be monitored using just one system. While the enhancement 
factor of the sensor is moderate, the uniformity of the enhancement of the sensor as well as the 
large area of the sensor are advantageous in measuring a large array of samples such as spotted 
DNA. Moreover, the change in the refractive index of the superstrate can be measured using the 
same laser wavelength over the same area on the sample. The dual function of the nanohole array 
sensor is appropriate for applications in which specificity and sensitivity are both required. The 
refractive index sensing function of the sensor can provide the sensitivity and the surface-
enhanced Raman spectroscopy function can provide the specificity. 
  
5.4 Conclusion 
The silver-deposited nanohole array sensor can perform dual functions of refractive index 
sensing and surface-enhanced Raman spectroscopy in air and in solution. We evaluated the 
sensitivity of refractive index sensing (S ~ 383 nm RIU-1) in transmission and reflection modes 
using different concentrations of sucrose solution and the enhancement of Raman spectroscopy 
(EF ~ 107) using 1,2-bis(4-pyridyl)ethylene (BPE). We confirmed the experimental 
measurements with a finite-difference time-domain simulation, which showed consistent results. 
Finally, we proposed the simultaneous measurement of refractive index change and Raman 
spectrum of an area of the sample on the nanohole array sensor using a Raman spectroscopy set 
up. 
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5.5 Figures and tables 
 
Figure 5.1: Scanning electron microscope images of the Ag nanohole array sensor. (A) Top 
down view of the Ag-deposited nanohole array with a periodicity of 350 nm. (B) Cross-section 
view of the Ag-deposited nanohole array with a periodicity of 350 nm. 
 
 
Figure 5.2: Experimental and simulated transmission spectra of Ag nanohole array sensor in 
response to increasing concentrations of sucrose (0%-40% v/v). (A) Experimental transmission 
spectra of Ag nanohole array in response to increasing concentrations of sucrose with two 
prominent peak wavelengths, one around 460 nm and the other around 560 nm. (B) Simulated 
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transmission spectra of Ag nanohole array in response to increasing concentrations of sucrose 
with similar two peak wavelengths at 460 nm and 560 nm. 
 
Figure 5.3: Transmission brightfield microscope images of the Ag nanohole array sensor with 
increasing concentrations of sucrose solutions (0%-40% v/v). The color appearance of the 
transmitted light shifts from green to red over the increasing concentrations of the sucrose 
solution. The two green marks in the images are defect regions on the surface with no nanohole 
present, which can serve as a colorimetric control. 
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Figure 5.4: Experimental (A) and simulated (B) reflection spectra of Ag nanohole array sensor in 
response to increasing concentrations of sucrose (0%-40% v/v). The same dip wavelengths can 
be observed in both cases at around 460 nm and 560 nm.  
 
Figure 5.5: Spectral sensitivity measurement of Ag nanohole array sensor. Calculated peak 
wavelength shift in response to refractive index change is approximately 383 nm RIU-1.   
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Figure 5.6: Raman spectroscopy of 1,2-bis(4-pyridyl)ethylene (BPE) on Klarite substrate (blue) 
and Ag nanohole array sensor in air (black) and in water (red).  
 
 
Figure 5.7: Spatial mapping of the intensity of Raman intensity at 1200 cm-1 and 1604 cm-1 from 
the Raman spectrum of BPE measured on the nanohole array sensor (500 micron by 500 micron 
area scan) 
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CHAPTER 6: GREEN NANOPHOTONIC SENSOR MADE BY DIRECT TRANSFER 
OF THREE-DIMENSIONAL METALLIC NANOSTRUCTURES ONTO CORN 
PROTEIN FILM 
 
6.1 Introduction 
There is a need in agriculture applications for high specificity on-site testing with the 
requirement of uniformity in sensitivity from sensor to sensor. In order to survey the immense 
tracts of agricultural land, a large number of sensors is required to provide sufficient point tests 
with statistical significance. In addition, the proper disposal of used sensor following the survey 
remains a concern. Due to the requirement of inexpensive and large number of highly-sensitive 
sensors disposal, the fabrication requires a batch processing technique for the biocompatible, 
preferably plant-based materials with agricultural origin. 
 The interest in the development and utilization of biological and natural-based materials 
in novel applications such as photonics, microfluidics, tissue engineering increased in the recent 
years due to a need for biocompatibility and biodegradability. [87] Zein is the main storage 
protein of corn and comprises more than 50% of the protein content in the corn endosperm.[88] 
Commercially available zein is a prolamin protein extracted from the wet milling of corn meal. 
The amino acid composition, amino acid sequence, molecular structure, and phase/state behavior 
of zein have been characterized.[89]–[91] α-zein, which has a molecular weight of 19–22 
kiloDaltons, contains 50% hydrophobic amino acid residues such as proline, leucine, and 
alanine.[92], [93] Small-angle X-ray scattering studies indicate the structure of α-zein is an 
elongated rod, made up of 9–11 units of α-helix arranged antiparallel to each other, joined by 
glutamine-rich turns.[94] Nonpolar amino acids such as proline and leucine give zein its 
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hydrophobic nature, whereas glutamine residues impart hydrophilicity. The self-alignment of rod 
structures due to hydrophobic interaction and hydrogen bonding with adjacent glutamine 
residues result in the formation of freestanding films and sheets.[94], [95] In order to create 
mechanically robust films, zein needs to be plasticized with oleic acid and be above the glass 
transition temperature where the polymer is flexible. Tensile strength of cast zein films with 
plasticizer was reported to be 4.95–6.8 MPa with corresponding Young’s modulus of 317.1 MPa. 
[90], [96] Zein has been classified generally recognized as safe (GRAS) by United States Food 
and Drug Administration for food substances (US FDA 21CFR184.1984) and been utilized for 
various applications as coatings for pharmaceutical tablets and biodegradable films for 
packaging.[97] Due to its biological origin, zein is biodegradable and renewable annually. 
 For high-specificity label-free molecular sensing, Raman spectroscopy is an optical 
measurement using a monochromatic light source that can characterize to the vibrational modes 
of molecules, producing a spectrum that is unique to each molecule. However, due to the rare 
occurrence of inelastic scattering of photons (1 in 108 photons) in Raman spectroscopy, 
roughened or three-dimensional metallic surfaces are often used to enhance the sensitivity of 
Raman scattering by orders of magnitudes depending the type of metal and roughness.[98], 
[99]Protein-based materials have been used to interface with metallic film and structures before; 
however, these applications utilized only two-dimensional micro-scale features.[100]–[102] 
While replication of micro- and nano-scale features are possible on biopolymers, metallized 
three-dimensional nanostructures on protein-based films are not achievable using thermal or 
electron-beam evaporation due to the low glass-transition temperature of the polymers, at or 
above which surface features manufactured can be distorted or destroyed.[103]–[106] There is a 
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need for reliable processing methods of interfacing three-dimensional metallic structures with 
protein-based materials with highly parallel output to produce a large number of devices. 
 In this report, we present a method and the validation for the direct transfer of three-
dimensional noble metallic nanostructures onto zein, a plant-based protein polymer. This facile 
method allows for large-area transfer of both three-dimensional nanostructured and planar noble 
metal films. We have transferred a regular array of three-dimensional pyramid structures, 
inverted and positive, with 2 μm by 2 μm square base, which have been previously used for 
surface enhanced Raman scattering (SERS).[107] We selected this particular geometry for the 
demonstration of direct transfer not only for its SERS functionality but also to validate the high 
fidelity of the transfer process by demonstrating the preservation of its highly regular and 
numerous (a total of 6.25 million) periodic structures. We demonstrated the direct transfer 
process for two noble metals (gold and silver) due to their relevance in SERS measurements.  
 
6.2 Materials and methods 
6.2.1 Fabrication of polymer molds with nanophotonic structures 
The original master contains nanophotonic structures consist of inverted square pyramids with a 
base of 2 µm by 2 µm with a periodicity of 2 µm. The polymer molds were fabricated using 
common replication methods such as soft lithography and nanoimprinting from the master. For 
polymer molds made from nanoimprinting, a small volume of UV-curable polymer (Norland 
Products Inc., Cranbury, NJ) was dispensed onto the surface of the master and a 250-µm thick 
Polyethylene terephthalate (PET) sheet was placed on top of the polymer. The placement of the 
PET sheet caused the polymer to flow and conform to the inverted pyramids on the surface of the 
master. The polymer was then exposed to an ultraviolet lamp (105 mW cm-2) for 60 seconds to 
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cure and adhere to the PET sheet, and the cured polymer was manually separated from the 
master by peeling back the PET sheet. For soft lithography-based polymer molds, a 
polydimethylsiloxane (PDMS) mixture was prepared using a 10:1 v/v ratio of base to curing 
agent (Dow Corning, Midland, MI) and casted on the master, and allowed to cure overnight at 65 
°C. After curing, the PDMS polymer mold was excised and separated from the master. A 200-
nanometer thick noble metal (gold and silver) film was deposited on the polymer molds using 
electron beam evaporation (Temescal, Livermore, CA). 
  
6.2.2 Fabrication of nanophotonic protein film  
A solution of zein, oleic acid, and emulsifier (Sigma Aldrich, Milwaukee, WI) at a ratio of 
1:1:0.15 w/w/w in an aqueous ethanol (75% v/v) was prepared by mixing and heating at 65 °C 
for five minutes. The solution was then poured over the polymer molds and dried at room 
temperature in a vacuum desiccator for 24-48 hours. The volume of the solution was adjusted to 
obtain 5-mm thick films after drying. Once cured, the protein film was excised with a razor and 
lifted directly off the polymer mold. The direct transferability of the noble metal film was 
assessed by whether or not the cured protein film can be separated from the polymer mold. 
 
6.2.3 Mechanical characterizations of nanophotonic protein film 
Surface and cross-section views of the protein film with nanophotonic structures were obtained 
by a scanning electron microscope (FEI Company, Hillsboro, OR). The cross-section view of the 
protein film with nanophotonic structures was obtained by cutting the film with a razor first and 
then smoothing the imaged area with a microtome diamond blade. The adhesion between the 
metallic layer and the zein films (n=3) was assessed using an American Society for Testing and 
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Materials Standard (ASTM D3359) for measuring adhesion by tape test (rated at 570 grams per 
centimeter of adhesion strength). The tape was placed over the metallic layer and left for 90 
seconds of dwell time and then removed back on itself parallel to the surface of the film at 
constant speed. Contact angle measurement performed a commercial system consisted of 
dispensing a small volume of solution (water and zein solution) on to the surface of a substrate 
and after five seconds, measuring the contact angle. 
 
6.2.4 Optical characterizations of nanophotonic protein film 
The reflectance spectrum of the nanophotonic structures on protein film was measured using an 
epi-illumination microscope (Carl Zeiss, Thornwood, NY) coupled to a 500-800 nm range 
spectrometer (Control Development, South Bend, IN). For Raman spectroscopy characterization, 
serial dilution of Rhodamine 6G solutions was prepared for concentrations ranging from 1 μM to 
100 μM. 5 μL of each solution was dropped on the surface of the nanophotonic protein film and 
dried at room temperature. The Raman spectroscopy measurement was performed using a 
commercial Raman spectroscopy microscope (Horiba, New Jersey, NJ) with long working 
distance 50× objective and 300 l/mm grating.  The acquisition time was seconds for all 
measurements. For reference, 5 μL of the 10 mM R6G solution was dropped on a clean Silicon 
wafer and measured using the same settings. The enhancement factor, EFSERS, is calculated 
as𝐸𝐹𝑆𝐸𝑅𝑆 =  
𝐼𝑆𝐸𝑅𝑆/𝑁𝑆𝐸𝑅𝑆
𝐼𝑅𝐸𝐹/𝑁𝑅𝐸𝐹
. ISERS and IREF are the peak intensity of a characteristic peak in the 
Raman spectrum of surface-enhanced measurement and reference measurement respectively. N 
is the number of analyte molecules in the excitation volume, and is calculated as 𝑁 = 𝜋𝑟2ℎ𝑐𝑁𝐴, 
where r is the radius of the excitation laser spot, h is the thickness of the analyte, c is the molar 
concentration of the analyte, and NA is the Avogadro’s number.  
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6.3 Results and discussion 
6.3.1 Direct transfer of nanopyramid gold film to zein film 
Figure 6.1 outlines the direct transfer process of three-dimensional nanostructures on metallic 
film to zein. Briefly, a 200-nanometer thick gold film was deposited on templates with 
nanostructures, which were fabricated using nanoimprinting on UV-curable polymer templates 
(Figure 6.1a & 6.1b). Following the metallization, a solution of α-zein solubilized in 75% 
ethanol was poured over the templates and cured at room temperature in a vacuum desiccator for 
24-48 hours for 5-mm thick films (Figure 6.1c). In the removal of cured zein substrate, the metal 
film directly transferred to the zein substrate with intact nanostructures (Figure 6.1d). The front 
side of the transferred metal film with the nanostructures has the same metallic appearance 
(Figure 6.1e), and the backside of the same device shows the native yellow color of the zein 
substrate. For the direct transfer process the template did not require any surface treatment such 
as silanization or deposition of spacer film. We chose a UV-curable polymer as the material for 
the template because of its ability to accurately replicate micro and nano-scale features and its 
low surface energy, which reduces the adhesion of metal film to the surface of the parent 
substrate. We have also identified other materials with low surface energy that can be used as 
templates (e.g. PET and PDMS) for this direct transfer process (Table 6.1). It is worth noting that 
the entire direct transfer process (fabrication of templates using UV-curable polymer or PDMS, 
metal deposition of the templates, solvent casting and curing of zein on metallic templates) is 
intrinsically batch oriented, allowing for highly scalable production of biodegradable 
nanophotonic devices. 
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 The adhesion of zein molecules to the metal film due to surface properties of zein and its 
relatively low glass-transition temperature at the moisture and plasticizer content of interest lead 
to favorable mechanical adhesion, which is higher than the adhesion between the noble metal 
film and the low surface-energy UV-curable polymer. Mechanical adhesion is the intimate 
interlocking between dissimilar materials by one or both filling the micro-nano-scale voids or 
defects and the molecular bonding that occurs due to favorable surface properties. Due to the 
high wettability between the zein solution and the noble metals (Table 6.1), there is high contact 
area and the attraction between the two surfaces, which enhances the mechanical adhesion 
between the two materials. The adhesion between the metallic layer and the zein film was 
assessed using an American Society for Testing and Materials Standard (ASTM D3359) for 
measuring adhesion by tape test. All Au-zein devices (n=3), assessed using testing tape rated at 
570 grams per centimeter of adhesion strength after 90 seconds of dwell time, displayed no 
separation of metallic layer from the zein film over the entire surface of the devices (1.5 cm x 1 
cm). The adhesiveness of zein has been has been demonstrated in glass-glass bonding, indicating 
higher bonding strength than a polyvinyl acetate-based adhesive, and historically utilized as 
adhesive for wood veneers and as binder for cork [108], [109]. Zein contains a small but sizeable 
fraction of sulfur containing amino acids such as cysteine and methionine containing sulfhydryl 
groups that are useful in conjugation with gold surfaces [93]. Moreover, glutamine has a 
considerable affinity for hydrogen bonding and may interact with the Ag oxides [110]. 
 Direct transfer of nanostructure thin film was characterized using scanning electron 
microscopy (Figure 6.2). The zein film provides excellent mechanical support and adhesion of 
the 200-nm-thick metallic film with little or no fracture for inverted pyramid (Figure 6.2a) and 
positive pyramid structures (Figure 6.2b). Due to the monolithic direct transfer of the metal film, 
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the original smooth texture of the template is preserved; this feature is maintained over the entire 
surface area (5 mm by 5 mm). The transferred nanostructures have lateral base dimensions of 2 
μm by 2 μm with a pitch of 2 μm. Image analysis using Fourier transform of SEM images 
showed a pitch of approximately 2 μm, which matches well with the original dimensions of the 
template (Figure 6.3) [111]. The preservation of the nano-scale geometry during the transfer 
process indicates high adhesion between the zein molecules and the gold film with nanometer 
thickness. Cross-section SEM images showed complete infiltration of zein molecules into the 
inverted pyramid geometry of nanostructure making full contact between the two dissimilar 
materials (Figure 6.2c). From the cross-section SEM images, the 200 nm-thick metal film is still 
distinguishable from the underlying zein film due to the difference in the electrical conductivity 
of the two materials (Figure 6.2d). The measured thickness of the metal film on the zein substrate 
is approximately 200 nm, indicating the complete transfer of the metal film. The preservation of 
the inverted pyramid nanostructures in the direct transfer method also indicates the maintenance 
of the shape, size, and the periodicity of the nanostructures from the template. This direct transfer 
method was conducted for 200-nm-thick gold films and silver films, and the transfer was 
successful for both metals (Figure 6.4). Noble metal films with three-dimensional nanophotonic 
structures with thickness as low as 90 nm have been transferred successfully (data not shown). 
 
6.3.2 Optical characterization of and Raman spectroscopy measurement on gold nanopyramid 
zein film 
The fidelity of the direct process of the three-dimensional nanostructures onto zein film was 
confirmed by the optical reflectance measurement and Raman scattering measurement of 
Rhodamine 6G (Figure 6.5). The reflectance spectrum of the Au-zein device revealed broad 
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resonance modes around 580 nm, 633 nm, and 700 nm, indicated by lower level of reflectance 
due to the matching condition and coupling into resonance (Figure 6.5a). For the Raman 
scattering measurement, the excitation wavelength must ideally match the resonance wavelength 
of the device. Due to the limited selection of laser excitation wavelengths, 633 nm laser was used 
to obtain the Raman scattering spectra of Rhodamine 6G (R6G), a model molecule. Due to the 
aromatic rings, R6G molecules have strong Raman scattering peaks that are useful for 
characterizing the surface enhancement. The measured Raman spectra on Au-zein device show 
the same relevant peaks as reported in the literature (Figure 6.5b). The peak intensities at 1363, 
1509, 1575, and 1650 cm-1 are associated with aromatic stretching of C-C bonds, and the peak 
intensities at 614 cm-1 and 774 cm-1 are associated with C-C-C ring bending and C-H bending 
respectively [112]. We also confirmed the high fidelity of the direct transfer process by acquiring 
Raman spectra of R6G at four different locations on two different devices (Figure 6.5c). The 
acquired spectra show high uniformity in peak intensities of the Raman spectra, indicating the 
preservation of the uniformity of the nanostructures. Under light illumination, the inverted 
pyramid nanostructures can provide very high concentration of electromagnetic field localized at 
the apex of the inverted pyramid structures, which can be used to enhance the weakly scattering 
Raman signal of molecules on the surface [113]. To confirm the surface enhancement effect of 
the inverted pyramid nanostructures, the same measurement was carried out using the 785 nm 
laser, which has no resonance mode on the Au-zein device. The Raman spectra of the same 
concentrations of R6G acquired using the 785 nm laser excitation showed much lower signal 
intensity despite using a higher laser power (Figure 6.6). The enhancement factor is calculated to 
be 1.6 × 104 using the 1361 cm-1 characteristic peak (Figure 6.7).  The relatively high thickness 
of metal film (200 nm) provides optical opaqueness compared to the skin depth of 3.5 nm for Au 
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at 633 nm, and the Raman signal from the underlying zein film is not observable in all spectral 
measurements. 
 
6.4 Conclusion 
In conclusion, we have demonstrated the direct transfer of functional three-dimensional metallic 
nanostructures onto a plant-based biopolymer, zein. We presented the facile nature of this 
method by transferring inverted pyramid and positive pyramid nanostructures on both gold and 
silver films. The adhesion between the plant-based biopolymer and the metallic film is high; 
therefore additional surface treatment on the template is not necessary. We confirmed the 
preservation of the functionality of the metal nanostructures by performing surface enhanced 
Raman spectroscopy measurements of R6G. Due to the compatibility with conventional 
fabrication methods such as soft lithography and nanoimprinting, our direct transfer of 
biopolymer method can be easily employed in other sensor applications where nanostructures are 
utilized for detection enhancement and in applications that require the interfacing metallic films 
with biopolymers.  
 
  
 126 
6.5 Figures and table 
 
 
 
Figure 6.1. Schematic diagram of the direct transfer of three-dimensional metallic nanophotonic 
structures onto a plant-based biopolymer. A template with nanophotonic structures (a) is 
deposited with 200 nanometers of noble metal (b). Zein solution is solvent-casted over the metal-
coated template (c), and after fully curing, the zein substrate with three-dimensional metallic 
nanophotonic structures is excised and separated from the template (d). Macro photographs of 
three-dimensional metallic nanophotonic structures (dashed square) on zein substrate and the 
backside of the same device showing the native yellow color of zein substrate (e). The inset is a 
SEM image of the inverted pyramid nanophotonic structures. 
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Figure 6.2. (a) Top-down view of the inverted pyramid nanophotonic structures and (b) positive 
pyramid nanophotonic structures transferred on zein (Scale bars: 2 µm). (c) From top to bottom, 
sequential cross section of inverted pyramid structures starting from the center of the inverted 
pyramid structure (dashed lines as visual aid) (Scale bar: 2 µm). (d) An individual inverted 
pyramid structure with distinct metallic film (solid arrow) and underlying zein substrate (dashed 
arrow) (Scale bar: 0.5 µm). Note that the inverted pyramid geometry may appear slightly 
distorted because of the excision using a diamond blade for the cross-sectioning. 
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Figure 6.3. Scanning electron microscope images of nanostructures under different 
magnifications, used for Fourier transform image analysis. All scale bars are 10 μm. 
 
Figure 6.4. Macro photographs of zein substrate with noble metal film (silver on the left and gold 
on the right) with nanostructures (indicated with dashed white squares). 
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Figure 6.5. (a) Reflectance spectrum of inverted-pyramid Au-zein substrate indicates a resonance 
peak at 633 nm, which matches with the excitation wavelength of the laser. (b) Raman scattering 
spectra of different concentrations of Rhodamine 6G on the Au-zein substrate. All spectra are 
offset by a constant to make the comparison of spectra easier. (c) Raman scattering spectra of 
100 µM R6G acquired at four different locations on two different Au-zein substrate. (Substrate 
1: sample number 1–4; Substrate 2: sample number 5–8).   
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Figure 6.6. Raman scattering spectra of Rhodamine 6G using a 785 nm laser excitation on Au-
zein substrate. 
 
 
 
Figure 6.7. Raman scattering spectra of Rhodamine 6G (R6G) measured on Au-zein device (100 
μM R6G) and on bare silicon wafer (10 mM R6G). The spectrum measured Au-zein device is 
offset by a constant to make the comparison of spectra easier.  
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Contact angle 
(degrees) 
   
  Material 
Surface energy 
(mJ/m^2) 
Water 
Zein 
Solution 
Direct 
transferable 
Ref. 
Parent 
Substrates 
Glass >2000 9.9 9.8 No n/a 
UVcP1 
(Norland) 
n/a 52.4 8.6 No n/a 
UVcP2 
(Gelest) 
n/a 50.4 12.3 Yes n/a 
PET 43 59.1 20.4 Yes [114] 
PDMS 20.9 61.6 42.9 Yes [115] 
Coinage 
metals 
Au 1500 96.5 29.1 Yes [116] 
Ag 1250 74.7 24.1 Yes [116] 
 
Table 6.1. Surface characterization of parent substrates and coinage metals used in the direct 
transfer process to zein film. Parent substrates with lower surface energy (i.e. UVcP2, PET, and 
PDMS) are suitable substrates for the direct transfer of the thin metal films to the zein film due to 
the lowered adhesion between the metal film and the parent substrate. UVcP: ultraviolet-cured 
polymer, PET: polyethylene terephthalate, PDMS: (poly)dimethylsiloxane, Au: Gold, Ag: Silver. 
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APPENDIX A: MATLAB-BASED COMPUTATIONAL TOOLS FOR 
CHARACTERIZATION, VISUALIZATION, ANALYSIS, AND INTERPRETATION OF 
DATA FROM NANOHOLE ARRAY SENSOR 
 
A.1 Introduction 
Due to the decreasing cost of computational power thanks to Moore’s law, analysis of large data 
sets (in excess of hundreds of megabytes per instance) have become possible on an ordinary 
desktop computer. Moreover, with high-density data storage and cloud-based storage solutions, 
experimental data can be easily transferred, stored, and catalogued with ease and can be retrieved 
for analysis over the network in a reasonable amount of time. Likewise, similar improvements in 
instrumentation (hardware) and in data collection (software) have allowed for the generation of 
large amounts of experimental data. While these innovations seemingly aid in the advancement 
of research, there is a gap in the ability and method to analyze and interpret the generated data in 
a way that is meaningful and informative to the researchers. 
 While there are many commercial software packages (e.g. Origin, Excel, Mathcad) that 
can be used to analyze and interpret data, there are many shortcomings at least in addressing the 
needs of a graduate researcher. Through the course of working on nanohole array sensor, I have 
come across the needs of rigorous image analysis and visualization and interpretation of spectral 
data. Given the intrinsic design of MATLAB for working with large matrices, I have found it to 
be the best tool for the tasks outlined above. In addition, MATLAB has a very thorough help 
section and a community full of contributors that freely share their own scripts to the public. I 
highly recommend all graduate students to learn basic programming and to use a tool like 
MATLAB in their research projects to save time and to generate more informative results.  
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 In this chapter, I have outlined the core set of MATLAB functions that have aided me in 
the characterization, visualization, analysis, and interpretation of data from nanohole array 
sensor. I have compiled all of the functions here for the future graduate students that will build 
upon and apply the knowledge of nanohole array sensor. The purpose of the functions varies 
from measurement of physical dimensions to image analysis of colorimetric images generated by 
nanohole array sensor. All of the scripts were developed in MATLAB version (R2013a and 
R2013b) in Windows and Mac OSX environments. 
 
A.2 Estimation of diameter and periodicity of nanohole array from scanning electron 
microscope images 
Scanning electron microscopy (SEM) allows for visual evaluation of the nanohole array sensors 
before or after the deposition of noble metal on the device. Depending on the way the sample is 
prepared and mounted, top-down view or cross-sectional view of the nanohole array sensor can 
be obtained using scanning electron microscopy. While the SEM images provide a quantitative 
measurement of the nanoholes, there are no additional tools to do more in-depth analysis such as 
generating a distribution of the diameter of the hole and a distribution of the periodicity of the 
nanohole array. These parameters are not only important for the assessment of the quality of the 
device fabrication but also they can be used to quantitatively compare the differences due to for 
example, differences in the master molds or in the deposition of noble metal. 
 For estimation of diameter and periodicity, I utilized two scripts, “size_count.m” and 
“cellcount2_func_2.m”, the latter one being a function that is called by the first script. 
“size_count.m” script is the only script that the user uses to input parameters and to generate 
relevant plots. The only parameter that needs to be provided by the user for a given SEM image 
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is the scaling ratio of physical distance to pixels in the units of microns per pixel. This value can 
be easily determined by using a program like ImageJ to convert pixels to physical distance by 
using the scale bar that is always included in SEM images. Once that scaling value has been set, 
the user then enters the name of the SEM image file. Additional parameters that can be changed, 
although may be not needed for nanohole array, is the estimated minimum and maximum values 
of diameter of nanohole, which is used to eliminate erroneous objects in the image that are not 
nanoholes. 
 Once the parameters are set, the user simply needs to run the script. The script will then 
generate one image showing the detected nanoholes with white dots and the detected 
circumference with red dots (Figure A.1). This image is for the user to assess the accuracy of the 
script in detecting nanoholes and their diameter. The next generated plot is a histogram of the 
distribution of diameter of the detected nanoholes. In the command window, the mean and the 
standard deviation of the diameter of the detected nanoholes are displayed. Likewise, there is a 
histogram of the distribution of periodicity of the detected nanoholes and the corresponding 
mean and standard deviation of the distribution. While the code is optimized for the detection of 
nanoholes, I advise that the user reads through the code to understand the assumption and the 
method behind the operations of image analysis. The files are attached in the Matlab script 
section. 
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Figure A.1. Physical dimensions of nanohole array determined by computational image analysis. 
(A&C) Detected nanoholes indicated by a white dot in the center of the hole and by red dots 
outlining the circumference of the estimated hole. (B&D) Distribution of diameter of nanoholes 
detected in the figures and C respectively. Note that the diameter of the nanoholes in the figure A 
has smaller diameter than that of the nanoholes in figure C. 
 
A.3 Spectral analysis of data generated from multi-spectral imaging 
Spectral measurement using a spectrophotometer is a straightforward measurement with the 
acquisition software providing the user with the wavelength data and the corresponding intensity 
values. These values can then be plotted and examined by the user for subsequent analysis. 
However, our group has a multi-spectral imaging set up with a monochromator that allows the 
sample to be illuminated by one-nanometer increment of wavelength. The advantage of this set 
up compared to the spectrophotometer is the ability to obtain spatial and spectral information 
simultaneously. On the extreme, a spectrum at every pixel of the sample image is measured. At 
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each wavelength, the sample is illuminated (in transmission or in reflection) and a 
monochromatic charge-coupled device camera captures an image at that particular wavelength. 
Therefore, each spectral measurement using the multi-spectral imaging set up (for example, a 
wavelength scan from 400 nanometers to 800 nanometers at an increment of 1 nanometer) 
contains 400 individual images. In addition to the spectra of samples, a spectrum of the light 
source must be measured as well for normalization. In a typical measurement, five to ten sets of 
spectrum of the sample are recorded, resulting in up to four thousand images plus four hundred 
for the spectrum of the light source. While the multi-spectral imaging set up offers a wealth of 
information, the task of data analysis can be daunting.  
 Therefore, I have written a MATLAB function that automates the entire process. Despite 
the automated steps, the user needs to input two parameters that include the exposure time of the 
light source (in the units of milliseconds) and the exposure time of the sample (in the units of 
milliseconds). The function performs the following steps for each set of spectral images: 
 Reads in each of the images and calculates the mean intensity of the entire image.  
 Normalizes the mean intensity of the sample against the intensity of the light source with 
the difference in exposure times between the sample and the light source weighed. 
 Loops through all of the folders and creates a .mat file containing the normalized 
spectrum and the wavelength information with an automatically generated file name 
 Note that a region of interest (ROI) can be defined for intensity measurement if the 
sample area is smaller than the image. Depending on the processing and storage power of the 
computer, this process will take several minutes. As always, the user should verify the generated 
normalized spectrum in case there’s a mistake in the input file or incorrect designation of folders.  
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While the function of this MATLAB script is simple, there are several assumptions made about 
the recorded spectral images. First, the format of the image files is assumed to be “JPG” but if it 
is different, this can be easily changed within the script. For normalization, it is assumed that the 
user used the same objective lens and the same light intensity to record the spectrum of the light 
source and the spectrum of the sample, only changing the exposure time between the two. If this 
is not true, then the measurement must be re-done for the most accurate results. See the Matlab 
script section for the function. 
 
A.4 Spatial mapping of peak wavelength response from multi-spectral imaging 
The normalized spectrum obtained from section 3 using multi-spectral imaging can be used to 
generate a spatial map of peak wavelength response (Figure A.2). A spatial map of spectral 
response may be helpful in determining the geometry of the sample while simultaneously 
localizing the peak wavelength response of the sensor. The main difference between the method 
of this section versus that of section 3 is that a normalized spectrum is generated for every pixel 
of the sample image by normalizing the intensity of each pixel of the sample image with the 
intensity of the light source for every wavelength. Once a normalized spectrum is generated, then 
a simple polynomial function-based fit function determines the peak wavelength for each pixel. 
The spatial map of peak wavelength is then generated by assigning the value of peak wavelength 
for each pixel. See Appendix III for the MATLAB script. 
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Figure A.2. Spatial mapping of peak wavelength of nanohole array sensor from multi-spectral 
imaging set up. (A) Transmission spectra of bare substrate (blue) and substrate with deionized 
water (red). (B) Spatial mapping of two microfluidic channels and PDMS wall on the nanohole 
array sensor. One microfluidic channel is empty (indicated as air channel) and the other is filled 
with deionized water. (C) Transmission spectra of bare substrate (blue) and that of substrate 
covered with a thin layer of poly(L-lysine). (D) Spatial mapping of two spots on the nanohole 
array sensor covered with poly(L-lysine).  
 
A.5 Prediction of red, green, blue (RGB) values from spectral response of nanohole array 
sensor 
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The translation of spectral information to colorimetric information of the nanohole array sensor 
is achieved by combining the normalized spectra with the approximated quantum efficiency of a 
CCD-based color camera (See Figure A.3). First, the normalized spectrum of the nanohole array 
is multiplied with the spectrum of a known light source to obtain the spectrum of light that would 
be incident on the color camera. Next, the spectrum of light incident on the camera is multiplied 
with the estimated quantum efficiencies of the individual color filters (red, green, and blue or 
RGB) approximated with Gaussian functions. Finally, for each filter, the total intensity is 
calculated by integrating the area under the curve. The intensity value of each filter is then 
normalized by dividing by the sum of the intensity value of all three filters (total intensity). 
 
Figure A.3. (A) A comparison of the normalized spectrum of a sample (blue line), spectrum of a 
broadband light spectrum (red line), and the spectrum of light after interacting with the substrate 
(black line). (B) Estimated quantum efficiency of the individual color filters (red, green, and 
blue) approximated by Gaussian functions. (C) Intensity of light incident after passing through 
the approximated individual color filters (red line for red filter, green line for green filter, and 
blue line for blue filter). 
 The inaccuracy in this method of RGB prediction largely stems from the approximation 
of the quantum efficiencies of the camera using Gaussian functions. Moreover, it does not take 
account of the light transmission efficiency of the other optical components such as objective 
lens and collimator that may be in the imaging light path. The quantum efficiency of the camera 
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and the white balance must be determined using a standard method such as imaging a known 
swatch of colors to calibrate. For the sake of demonstrating the trend of RGB values, this method 
is a sufficient method for estimation. For future work, I would recommend incorporating 
calibration techniques as extensively demonstrated in this work [59]. 
 
A.6 Conclusion 
In conclusion, I have described the core set of MATLAB functions that I have developed in the 
process of working with nanohole array sensors. All of the functions are designed to automate 
the extraction of quantitative information from a large set of data with a degree of accuracy. 
These functions are tailored to the level of my programming competency, and more importantly, 
to my needs of analysis.  While the purpose of these functions is to extract quantitative 
information from the measured data, there are many assumptions built in to the way each 
function handles the data. I strongly suggest that the user reviews each function including the sub 
functions that the parent function may call in order to fully understand and appreciate how the 
input data is transformed.  
 
A.7 Matlab scripts 
I: MATLAB scripts for Estimation of Diameter and Periodicity of Nanohole Array from 
Scanning Electron Microscope Images 
close all; clear all; clc; 
  
I_c = imread('thick_top_40k-1.TIF'); 
  
%Minimum and maximum diameter threshold (in units of micrometers) 
minThres = 100;  
maxThres = 500; 
  
% Ratio of pixel to micrometers 
ratio = 1/404; %um/pixels 
  
%% Detection of nanoholes 
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level = graythresh(I_c); 
[count stats] = cellcount2_func_2(I_c,round(level*255)-1); 
  
for i=1:length(stats) 
   x(i) = stats(i).Area; 
end 
  
% Area distribution 
area = x*(ratio^2); 
  
% Diameter approximation from equivalent circular area 
r_c = (x./pi()).^0.5; 
d_c = 2 * r_c * ratio; 
  
% Removal of diameters out of the minimum and maximum diameter range 
kjk=1; 
for k=1:length(d_c) 
   deltayT = d_c(k)*1e3;  
   if deltayT > minThres & deltayT < maxThres 
       d_c_minThres(kjk) = d_c(k); 
       kjk = kjk+1; 
   end 
end 
  
figure(3); hist(d_c_minThres*1e3); 
xlabel('Diameter (nm)'); ylabel('Count (# of nanocups)'); 
  
firstx= stats(1).Centroid(1); 
firsty= stats(1).Centroid(2); 
  
%% Plot on the image 
figure; imshow(I_c); hold on;  
for i=1:length(stats) 
     
   if d_c(i)*1e3 > minThres & d_c(i)*1e3 < 500 
   plot(stats(i).Centroid(1),stats(i).Centroid(2),'w.','MarkerSize',15); 
   plot(stats(i).Centroid(1)+((d_c(i))/(2*ratio)),stats(i).Centroid(2),'r.','MarkerSize',15); 
   plot(stats(i).Centroid(1)-((d_c(i))/(2*ratio)),stats(i).Centroid(2),'r.','MarkerSize',15); 
   plot(stats(i).Centroid(1),stats(i).Centroid(2)+((d_c(i))/(2*ratio)),'r.','MarkerSize',15); 
   plot(stats(i).Centroid(1),stats(i).Centroid(2)-((d_c(i))/(2*ratio)),'r.','MarkerSize',15); 
   end 
   hold on; 
  
    %Periodicity check 
    if i==1 
        deltax(i) = stats(i).Centroid(1) - firstx; 
        deltay(i) = stats(i).Centroid(2) - firsty; 
        deltad(i) = sqrt((deltax(i)^2)+(deltay(i)^2)); 
    else 
        deltax(i) = stats(i).Centroid(1) - stats(i-1).Centroid(1); 
        deltay(i) = stats(i).Centroid(2) - stats(i-1).Centroid(2); 
        deltad(i) = sqrt((deltax(i)^2)+(deltay(i)^2)); 
    end 
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end 
hold off; 
  
disp(['Total number of detected nanoholes: ',num2str(length(d_c_minThres))]); 
disp(['Mean of diameter (nm): ',num2str(mean(d_c_minThres*1e3))]); 
disp(['Standard deviation of diameter (nm): ',num2str(std(d_c_minThres*1e3))]); 
  
% Minimum and maximum periodicity threshold 
maxThresP = 400;  
minThresP = 300; 
  
% Removal of periodicity out of the minimum and maximum range 
kjk=1; 
kjkd=1; 
for k=1:length(deltay) 
   deltayT = abs(deltay(k))*1e3*ratio;  
   if deltayT > minThresP && deltayT < maxThresP 
       deltayTP(kjk) = deltayT; 
       kjk = kjk+1; 
   end 
end 
  
% Figure for distribution of periodicity 
figure; hist(deltayTP); xlabel('Periodicity (nm)'); ylabel('Count'); 
disp(['Mean of periodicity (nm): ',num2str(mean(deltayTP))]); 
disp(['Standard deviation of periodicity (nm): ',num2str(std(deltayTP))]); 
 
function [count,stats]  = cellcount2_func_2(file,pixCol) 
thres_area_max = 10000; 
thres_area_min = 0; 
threshold = 0; %Roundness threshold 
I=file; 
imsize=size(I); 
  
  
  
%% Identify brighter cell like structures 
  
% use a for loop to run through the matrix to find pixels with color 
% greater than 199. The cells are significantly brighter white than the 
% other entities in the chamber. One issue with this is the that outer walls  
% of the chamber are also bright white. We will deal with that later. 
  
for i = 1:imsize(1) 
    for j = 1:imsize(2) 
         
        if(I(i,j) < pixCol) 
            I(i,j) = 255; 
        else 
            I(i,j) = 0; 
        end 
    end 
end 
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%% Noise reduction and hole filling 
  
I = bwareaopen(I,20); % remove noise (anything less than 20 pixel) 
I = imfill(I,'holes'); % fill up all the remaining cells 
  
%% BOUNDARY 
  
[B L] = bwboundaries(I); 
  
stats = regionprops(L,'Area','centroid'); %obtain the centroid of each block 
  
  
% figure;imshow(L); 
count = length(B); 
  
for k = 1:length(B) 
     
    boundary = B{k}; 
     
    % compute a simple estimate of the object's perimeter 
    delta_sq = diff(boundary).^2; 
    perimeter = sum(sqrt(sum(delta_sq,2))); 
  
    % obtain the area calculation corresponding to label 'k' 
    area = stats(k).Area; 
  
    % compute the roundness metric 
    metric = 4*pi*area/perimeter^2; 
 
    if (area > thres_area_max) || (area < thres_area_min) ||(metric < threshold) 
            count = count - 1; 
            stats(k).Centroid = [0,0]; 
            for i = 1:imsize(1) 
                for j = 1 :imsize(2) 
                    if(L(i,j) == k) 
                        L(i,j) = 0; 
                    end 
                end    
            end 
    end 
end 
 
II: MATLAB scripts for Spectral Analysis of Data Generated from Multi-Spectral Imaging 
close all; clear all; clc; 
  
% Load the spectrum of light source for normalizing 
load('ls_trans_20ms.mat'); 
ls_exposure = 20; %ms 
  
% Identify all of the folders - each folder represents a measurement 
list_dir = dir('*trans'); 
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% Progress bar 
h = waitbar(0,'Please wait...'); 
steps = length(list_dir); 
  
% Loop through each of the folders for analysis 
for p = 1:length(list_dir) 
     
    cd(list_dir(p).name); 
    img_list= dir('*.jpg'); 
     
    % Determine the sample exposure time based on file name 
    file_name = img_list(200).name; 
    sample_exposure = str2num(file_name(1:3)); 
     
    % Normalize the sample intensity against the intensity of light source 
    % at each wavelength 
    for j=1:length(img_list) 
        I = imread(img_list(j).name); 
        Icrop = mean(mean(I)); 
        normI(j) = 100 * (ls_exposure/sample_exposure) * double(Icrop)/double(I_int(j)); 
    end 
     
    cd ..; 
     
    % Save the normalized spectrum of each folder and clear the variable 
    % for normalized spectrum 
    save([list_dir(p).name,'.mat'],'wv2','normI'); 
    clear normI; 
     
    waitbar(p/steps); 
end 
  
close(h); 
 
III: MATLAB scripts for Spatial Mapping of Peak Wavelength Response from Multi-Spectral 
Imaging 
close all; clear all; clc; 
  
load bkg_air.mat; %Load the spectrum of light source 
  
wv2=400:1:800; %Wavelength range 
ls_exposure =40; %Light source exposure time (ms) 
sample_exposure =600; %Sample exposure time (ms) 
  
startwv = 405; %Start wavelength  
  
% Select the regions of interest for (1) sample and (2) bare 
% for comparison 
icrop = imread('600ms_602.00nm_5X_times1.jpg');  
for i=1:2 
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   [ijunk, rect] = imcrop(icrop); 
   coordX(i,1) = rect(1); 
   coordX(i,2) = rect(1)+rect(3); 
   coordY(i,1) = rect(2); 
   coordY(i,2) = rect(2)+rect(4); 
end 
  
img_list= dir('*.jpg'); 
  
% Initialize the spatial map using first wavelength 
% NOTE: Normalize each pixel by the MEAN intensity of the lightsource spectrum  
I=imread(img_list(20).name); 
I = I(coordY(1,1):coordY(1,2),coordX(1,1):coordX(1,2)); 
normI1(:,:,:) = 100 * (ls_exposure/sample_exposure) * double(I)/double(I_int(20)); 
a=size(normI1); 
normI_wv = ones(a(1),a(2))*startwv; 
  
% Loop through each wavelength and update the spatial map with peak 
% wavelength intensity 
for j=startwv-400:length(img_list) 
   I=imread(img_list(j).name); 
   Icrop = I(coordY(1,1):coordY(1,2),coordX(1,1):coordX(1,2)); 
   normI = 100 * (ls_exposure/sample_exposure) * double(Icrop)/double(I_int(j));    %normalize each pixel by the 
MEAN intensity of the lightsource spectrum    
    
   Icrop_bare = I(coordY(2,1):coordY(2,2),coordX(2,1):coordX(2,2)); 
   normI_bare(j) = 100 * (ls_exposure/sample_exposure) * double(mean(mean(Icrop_bare)))/double(I_int(j));   
    
   for row=1:a(1) 
        for col=1:a(2) 
            if normI(row,col) >= normI1(row,col) 
                normI1(row,col) = normI(row,col); 
                normI_wv(row,col) = wv2(j); 
            end 
        end 
    end  
end 
  
% Find bare substrate peak wavelength 
indmax = find(normI_bare == max(normI_bare)); 
peakWV_bare = wv2(indmax); 
  
% Peak Wavelength Spatial map 
figure; imagesc(normI_wv); colormap(jet); axis off;  axis image; hold off; colorbar; 
  
% Peak Wavelength shift Spatial map 
normI_delwv = normI_wv - peakWV_bare; 
normI_delwv(normI_delwv < 0) = 0; 
figure; imagesc(normI_delwv,[0 70]); axis off;  axis image; hold off; colorbar; 
 
IV: MATLAB scripts for Prediction Of Red, Green, Blue (RGB) Values From Spectral Response 
Of Nanohole Array Sensor 
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close all; clear all; clc; 
  
% Load the spectrum of light source 
load('lightsource.mat'); 
  
% Load the spectrum of sample 
load('fiftyper.mat');  
sample =fiftyper; 
  
% Match the spectral resolution of the two spectra 
for i=1:length(wv2) 
   ind_wv = find(wv2(i) == round(wv1)); 
   condenserI_red(i) = mean(condenserI(ind_wv)); 
end 
  
% Multiply the normalized spectrum with the spectrum of the light source 
I_conden =sample .* condenserI_red; 
figure; hold on; 
plot(wv2,sample*0.65e5); 
plot(wv2,condenserI_red,'r'); 
plot(wv2,I_conden,'k'); 
hold off; 
xlabel('Wavelength (nm)'); ylabel('Intensity (a.u.)'); 
legend('Normalized spectrum x 0.65e5','Light source','Calculated spectrum'); 
  
% Approximation of the quantum efficiency of the red, green, and blue 
% channels using Gaussian functions 
wv = 401:1:800; 
prefR=.375; 
prefG=.25; 
prefB=0.225; 
  
SenR=zeros(1,400); 
meanR=640; %nm 
stdR=40; %nm 
SenR(1:100) = 0.005; 
SenR(101:length(501:meanR)+120) = prefR*gaussmf(501:meanR+20,[stdR meanR]); 
SenR(121+length(501:meanR):end) = 0.325; 
  
SenG=zeros(1,400); 
meanG=550; %nm 
stdG=40; %nm 
SenG(1:250) = prefG*gaussmf(401:650,[stdG meanG]); 
SenG(251:end) = 0.012; 
  
meanB=450; %nm 
stdB=50; %nm 
SenB = 0.01+prefB*gaussmf(wv,[stdB meanB]); 
  
I_conden = I_conden(2:end); 
  
% Determine the intensity of the light incident on each of the color 
% filters 
redI = I_conden.*SenR; 
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greenI = I_conden.*SenG; 
blueI = I_conden.*SenB; 
  
figure; hold on; 
plot(wv,I_conden,'k'); 
plot(wv,redI,'r'); 
plot(wv,greenI,'g'); 
plot(wv,blueI,'b'); 
hold off; 
xlabel('Wavelength (nm)'); ylabel('Intensity (a.u.)');  
  
% Integrate the intensity of the light incident on each of the color 
% filters to obtain the intensity of RGB 
redI = trapz(wv,redI); 
greenI = trapz(wv,greenI); 
blueI = trapz(wv,blueI); 
  
normRI = redI/(redI+greenI+blueI); 
normGI = greenI/(redI+greenI+blueI); 
normBI = blueI/(redI+greenI+blueI); 
  
normAI(1,1) = normRI; normAI(1,2) = normGI; normAI(1,3) = normBI; 
normAI = normAI*100 
  
% Plot the approximated quantum efficiency of each RGB filter using 
% Gaussian functions 
figure; hold on; 
plot(wv,SenR,'r'); 
plot(wv,SenG,'g'); 
plot(wv,SenB,'b'); 
hold off; 
xlabel('Wavelength (nm)'); ylabel('Intensity (a.u.)');  
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APPENDIX B: IMAGES OF THE NANOHOLE ARRAY SENSOR 
 
 
Figure B.1. Macro photography of a wafer-scale nanohole array sensor deposited with gold. (A) 
Transmission image of the wafer-scale gold-deposited nanohole array sensor. Note that the black 
rectangular marks are adhesive tapes left over from the deposition process. (B) Reflection image 
of the wafer-scale gold-deposited nanohole array sensor.  
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APPENDIX C: A REVIEW OF NANOHOLE ARRAY SENSORS 
  
Reference 
Diameter 
(nm) 
Periodicity 
(nm) 
Sensitivity 
(nm/RIU) 
[117] 100 400 286 
[19] 200 600 650 
[39] 200 600 333 
[37] 200 600 400 
[118] 200 600 600 
[119] 200 500 481 
 [120]  180 500 450 
[121] 265 330 125 
[122] 200 500 494 
[17] 300 400 300.2 
[17] 300 500 409.4 
[17] 300 600 495 
[46] 200 455 463 
[37] 200 590 400 
[58] 600 1000 530 
[123] 200 400 149.6 
[123] 265 330 125 
[124] 150 520 393 
[125] n/a 280 380 
[125] n/a 370 570 
Present Study 100 350 247 
 
Table C.1 A compilation of the diameter, periodicity, and measured sensitivity of different 
nanohole array sensors reported in literature. n/a denotes not available. nm and RIU denote 
nanometers and refractive index unit respectively. 
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